
 

 

 University of Groningen

Comprehensive characterization of Escherichia coli isolated from urine samples of
hospitalized patients in Rio de Janeiro, Brazil
da Cruz Campos, Ana

DOI:
10.33612/diss.111520622

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2020

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
da Cruz Campos, A. (2020). Comprehensive characterization of Escherichia coli isolated from urine
samples of hospitalized patients in Rio de Janeiro, Brazil: the use of next generation sequencing
technologies for resistance and virulence profiling and phylogenetic typing. [Thesis fully internal (DIV),
University of Groningen]. University of Groningen. https://doi.org/10.33612/diss.111520622

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://doi.org/10.33612/diss.111520622
https://research.rug.nl/en/publications/265dd9a8-77ee-49e2-87dc-9897b101eb43
https://doi.org/10.33612/diss.111520622


Comprehensive characterization of 
Escherichia coli isolated from urine 
samples of hospitalized patients in 

Rio de Janeiro, Brazil
The use of next generation sequencing   

technologies for resistance and virulence 
profiling and phylogenetic typing

Ana Carolina da Cruz Campos



ISBN: 978-94-034-2206-0 (printed version)
ISBN: 978-94-034-2205-3 (e-book)  

Cover design: Andresso F. Agostine (Akili Design)  

Printed by IPSKAMP printing    

©Ana Carolina da Cruz Campos, 2020. No part of  this publication may be reproduced 
or transmitted in any form or by any means without permission in writing from the 
author. The copyrights of  previously published chapters of  this thesis remains with the 
publisher or the journal.

This Ph.D. project was performed at the Department of  Medical Microbiology and 
Infection Prevention Department of  University Medical Center Groningen, University 
of Groningen, with the support of Hospital Universitário Pedro Ernesto, 
Universidade do Estado do Rio de Janeiro, in Rio de Janeiro, Brazil. The Abel 
Tasman Talent pro-gram supported this work. In addition, this work was also 
supported by the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior - 
Brasil (CAPES) - Finance Code  001, NTM and by a grant from the Ministry of 
Science, Research and the Arts of Baden-Württemberg (MWK) within the 
project "Surveillance von Mehrfach-Antibiotika-Resistenzen." Prof. Ana Claudia 
de Paula Ignácio and Dr. Paulo Vieira Damasco from the Universidade do 
Estado do Rio de Janeiro were mentors in this project.

The printing of this thesis was financially supported by: 



Comprehensive characterization of 
Escherichia coli isolated from urine 
samples of hospitalized patients in 

Rio de Janeiro, Brazil

The use of next generation sequencing technologies for resistance and 
virulence profiling and phylogenetic typing

PhD thesis

to obtain the degree of PhD at the 
University of Groningen
on the authority of the

Rector Magnificus Prof. C. Wijmenga
and in accordance with 

the decision by the College of Deans. 

This thesis will be defended in public on

Monday 20 January 2020 at 9.00 hours

by

Ana Carolina da Cruz Campos

born on 15 July 1986
in Duque de Caxias, Brazil



Supervisor
Prof. J. W. A. Rossen

Co-supervisor
Dr. M. A. Chlebowicz-Flissikowska

Assessment committee
Prof. B. Sinha
Prof. J. Falcão Salles 
Prof. P. Savelkoul



Paranimfen
Susie Pinhal
Maria Fernanda Vincenti Gonzalez



Contents 

Chapter 1. General Introduction and Research questions and scope of  
the thesis  

3

Chapter 2. Comprehensive Molecular Characterization of Escherichia coli 
Isolates from Urine Samples of  Hospitalized Patients in Rio de Janeiro, 
Brazil    

27

Chapter 3. Virulence and resistance properties of  E. coli isolated from 
urine samples of  hospitalized patients in Rio de Janeiro, Brazil – the role 
of  mobile genetic elements  

81

Chapter 4. Characterization of  fosfomycin heteroresistance among MDR                          
Escherichia coli isolates from hospitalized patients in Rio de Janeiro, Brazil

121

Chapter 5. Determining the virulence properties of  Escherichia coli                                     
ST131 containing bacteriocin-encoding plasmids using short- and 
long-read sequencing and comparing them with those of  other E. coli 
lineages

155

Chapter 6. Resistance and virulence properties of  extraintestinal 
pathogenic E. coli causing nosocomial- and community-acquired urinary 
tract infections in hospitalized patients in Rio de Janeiro, Brazil

187

Chapter 7. Summarizing Discussion and Future perspectives 217

Appendices
Apendix I English summary  233
Apendix II Nederlandse Samenvatting    239
Apendix III Resumo em Português     247
Apendix IV Bibliography  255
Apendix V Acknowledgements/Agradecimentos 275
Apendix VI About the author 281





CHAPTER  

GENERAL INTRODUCTION AND 

RESEARCH  QUESTIONS  AND 

SCOPE OF THE THESIS

1



 Chapter 1

  

 

  
 

  

3

are also classified as complicated UTIs.
addition,  UTIs  in  male patients  and  infections  caused  by  multidrug  resistant  bacteria 
transplant  (viii), immunosuppression  caused  by  diseases  or  medicines  [5],  [9].  In 
(vi) presence of an indwelling urethral catheter stent or nephrostomy tube, (vii) a renal 
obstruction, (ii) a polycystic kidney, (iii) diabetes, (iv) pregnancy, (v) a neurologic bladder, 
the  following  underlying  diseases  or  risk  factors  are  present:  (i)  a  urinary  tract 
those occurring in otherwise healthy individuals. UTIs are by definition complicated if 
patient’s  underlying  disease  and  other  risk  factors  present.  Uncomplicated  UTIs  are 
UTIs can also be divided into uncomplicated and complicated infections based on the 

(epididymitis)  may  be  affected  in some cases of  lower UTIs in men [10].
backache  and  nausea  [9]. Additionally,  the  prostate  (prostatitis)  or  epididymis 
suprapubic  pain  and  hematuria,  patients  suffering  with  pyelonephritis  present  fever, 
While patients suffering with cystitis often present dysuria, voiding urgency, nocturia, 
(pyelonephritis) (Figure 1) [8]. The symptoms of lower and upper UTIs are different. 
consists  of infections  of the  upper  urinary  tract,  particularly  the  kidneys 
of the lower urinary tract, bladder (cystitis) and urethra (urethritis). The second group 
Anatomical  classification divides UTIs  into two groups. The first group are infections 

additional complications [5]–[8].
important for defining an accurate (potential) antibiotic therapy and to avoid the risks of 
risk  factors,  the  severity  grade,  and  microbiological  findings.  Classification  is 
UTIs  are  classified based on  the  anatomical site of  infections, the patient’s  underlying 

episode during their lifetime [2]–[4].
UTIs  is high  and  it  is  estimated  that  one  in  three  women  will  have  at  least  one  UTI 
the urinary  tract  or  with  prostate  diseases.  In  contrast,  in  women  the  frequency  of 
of UTIs in men until 65 years of age is low and often associated with abnormalities in 
[2]. Age-specific sex-related differences in infections rates are observed. The incidence 
hospitals  and  the  community,  affecting  around  150  million  people  worldwide  [1], 
Urinary tract infections (UTIs) are among the most common bacterial infections in both 

Urinary tract Infections

General Introduction



 General Introduction 

1Complicated UTIs can lead to more severe infections such as febrile UTIs and 
urosepsis and are more difficult to treat. In general, uncomplicated UTIs, mostly 
community-acquired (CA), are self-limiting and will only be treated with 
antimicrobial therapy if lasting longer than three days. Hospital-acquired (HA) or 
nosocomial UTIs are often complicated and it is estimated that 80% is related to 
indwelling catheters [11][12]. During long catheterization, bacteria form a biofilm in the 
catheter, facilitating its entrance into the lower urinary tract and enhancing 
dissemination to the upper urinary tract where they are more difficult to treat [13].

Overall, catheter-associated UTIs (CAUTIs) are associated with increased morbidity and 
mortality and are often caused by multidrug resistant bacteria [12], [14], [15]. Other risk 
factors associated with HA-UTIs include surgery (of  the urinary tract), patients suffering 
from diabetes and other comorbidities, and previous admission to a hospital, i.e., between 
six months and 14 days prior to the current admission [16], [17]. HA-UTIs represent 
approximately 35-45% of  nosocomial infections and lead to an increase in the morbidity, 
mortality and emotional suffering of  hospitalized patients [16].      

4

in the different locations affected during bacterial UTIs.
(urethra and bladder) are classified as urethritis and cystitis. The green  circles represent the bacteria 
tract  (kidneys)  are  classified as  pyelonephritis  and  infections  affecting  the  lower  urinary  tract 
Figure 1. Locations of human urinary tract infections. Infections affecting the upper urinary 
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from the host fecal flora [25] due to the short proximity between urethra and anus in
factor in the pathogenesis of  UTIs. It is believed that most UTI-causing strains originate 
The ability of ExPEC to survive and colonize in the gastrointestinal tract is an important 

healthy individuals and for causing infections in other body sites [23], [24].
factors  is  essential for  both  ExPEC’s  ability  to  survive  in  the  gastrointestinal  tract  of 
toxins and genes involved in the iron uptake systems. The presence of these virulence 
genome  with  a higher number of virulence genes, mainly adhesins, invasins, fimbriae, 
different parts of the human body and have, compared to commensal E. coli, a bigger 
agent [21],  [22]  causing  around  80%  of UTIs.  Particularly,  ExPEC  can  colonize 
can be  caused  by  several  microorganisms, E.  coli being  the  most  common  etiological 
two different groups: intestinal (InPEC) and extraintestinal E. coli (ExPEC) [20]. UTIs 
tract, however there are also pathogenic strains. Pathogenic E. coli can be divided into 
Escherichia coli are known as part of the normal microbiota of the human gastrointestinal 

  etiological agent of  UTIs

Extra intestinal pathogenic Escherichia coli as common

specific patient groups and the etiological agent causing the infection [19].
choice  of  antimicrobial  therapy  further  depends  on  the  presentation  of  infections, 
fluoroquinolones and  beta-lactams  are  recommended  for  pyelonephritis  [6],  [22].  The 
including  amoxicillin-clavulanate can be used to treat acute uncomplicated cystitis and 
norfloxacin  and  ofloxacin  as  alternatives  [21],  [22].  In  addition,  beta-lactams 
are the  first-choice  antibiotics  for  adult  patients,  using  ciprofloxacin,  levofloxacin, 
is required,  however,  fosfomycin,  nitrofurantoin  and  trimethoprim-sulfamethoxazole 
Treatment with antibiotics is not recommended for asymptomatic UTIs. If treatment 

cfu/mL for acute uncomplicated pyelonephritis in women [4], [15].
clinically relevant  threshold  is  103 cfu/mL  for  acute  uncomplicated  cystitis  and  104 

higher risk  of   developing  UTIs  (e.g.,  pregnant  women  and  catheterized  patients)  the 
colony forming  units  (cfu)/mL  as  threshold  [18].  However,  in  patient  groups  with  a 
UTIs is  the  detection  and  identification  of  pathogens  through  urine  culture,  with  105 

and  are,  therefore,  being  easier  diagnosed.  The  gold  standard  for  the  diagnosis  of 
and bacteria. About 50% of women suffering from UTIs present with clinical symptoms 
urine, such as products of normal and abnormal metabolism, cells, cellular fragments, 
chemical,  and  microscopic  tests  that  detect  and/or  measure  several  substances  in  the 
physical examination  and  by  using  laboratory  tests  as  urinalysis,  a  group  of physical, 
the  urine  in  the absence of symptoms, to severe urosepsis. Diagnosis is done through 
Symptoms  of UTIs  vary  from  asymptomatic  bacteriuria,  the  presence  of bacteria  in 
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essential to overcome the iron limitation in the host environment such as urine [32].
kidneys [29]–[31]. Finally, the iron uptake systems such as aerobactin or siderophore are 
fimbriae  and  F1C  interact  with  the  host  cells  present  in  the  low urinary  tract  and 
isolates  leading  to  the  development  of  pyelonephritis  [29]. Other  fimbriae  such  as  S 
urothelial  cells.  The  presence  of  P  fimbriae  is  associated with  ascension  of  UPEC 
enhanced  survival  of E.  coli in  the  urinary  tract  and are  also  involved  in  invasion  of 
that  bind  urothelial  mannosylated  glycoproteins are  known  to  be  associated  with  the 
adhesins, critical for binding to the cells of the urinary  tract  [28,  56]. Type  1  fimbriae 
bacterial cell surface as, e.g., outer membrane proteins, including fimbria, pili, curli and 
two types of virulence factors. The first type consists of  virulence factors located on the 
a specific group, named uropathogenic E. coli (UPEC) has been defined. UPEC contain 
overcome the host’s defense strategies (Figure 2). Among ExPEC associated with UTIs 
microorganisms  [27]. E.  coli causing UTIs  contain  specific  virulence  factors  to 
antimicrobial  peptides to  prevent  the  colonization  and  infection  caused  by 
mechanisms such as the iron limitation in the urine, specific antibodies, or presence of 
virulence factors  in  the E.  coli bacterium.  The  human  host  has  several  defense 
The  severity  of  UTIs  depends  on  both  host  factors  and  the  presence  of  specific 

damage may occur, increasing the risk of  bacteremia/septicemia [26].
easily  translocated  by host  cells.  Subsequently,  kidney  colonization  and  host  tissue 
urothelial  cells  the uropathogens can gain access to additional nutrients and be more 
the  resurgence  of the  intracellular  pathogens  [28],  [45].  In  addition,  by  invading  the 
These  reservoirs are  therefore  associated  with  recurrent  and  chronic  UTIs  caused  by 
where  they can  persist  being  protected  against  the  host-defense  mechanisms  [57]. 
bladder intracellular  bacterial  communities  (IBCs)  or  quiescent  intracellular  reservoirs 
coli can  form  biofilms  and/or  invade  epithelial  cells  and  replicate  herein  forming 
to  the  surface  and  interaction  with  bladder  epithelium.  After  these  three  steps, E. 
colonization, (ii) bladder ascension and growth of  planktonic cells in urine, (iii) adherence 
The  pathogenesis  of E.  coli causing  a UTI  exists  of   the  following  steps:  (i)  urethra 

female patients. This also explains the higher incidence of  UTIs among women [26].
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conmodification [43].moietysiderophoresalmochelin-likeataining

and IIb, and linear  microcins, e.g. H47 and M, that carry a C-terminal posttranslational 
can  be further  subdivided  into  IIa, those  containing  disulfide  bonds, e.g. V  
kDa, e.g. B17 and C7, and Class II microcins ranging from 5 to 10 kDa. Class II microcins 
classified into Class I microcins that include the peptides with a molecular mass below 5 
was  also  identified  among  avian  pathogenic E. coli strains  [41]. Microcins  can  be  
microcin is encoded by a heterogeneous group of  large virulence related plasmids, that 
Microcin  V has  been  frequently  identified  in  UPEC  causing  pyelonephritis  [35].  This 
age in which the cell cycle is arrested and DNA repair and mutagenesis is induced [42]. 
and are not induced by the SOS system, responsible for a global response to DNA dam- 
to siderophores [41]. Different from colicins, microcins are post-translationally modified 
Microcins are low molecular weight peptides produced by UPEC and some are related 

molecular synthesis, or damaging bacterial DNA through their nuclease activity [38], [40].
nisms as, e.g., disrupting the bacterial membrane by forming a pore, interrupting macro- 
large plasmids and are not secreted [38], [39]. Colicins present different action mecha- 
by small plasmids and released into the medium, while group B colicins are encoded by 
group B colicins use the TonB system. In addition, group A colicins are normally encoded 
into group A and group B. The group A colicins are translocated by the Tol system and 
microcins are the bacteriocins mostly associated with UPECs. Colicins can be classified 
with limited nutrients and therefore increase its virulence potential [35], [37]. Colicins and 
ing produced [35]. They may help UPEC to outcompete other bacteria in an environment 
related bacteria [35], [36], are well-known. Usually multiple, different bacteriocins are be- 
Among the secreted virulence factors, bacteriocins, antibacterial peptides that kill closely 

with pyelonephritis and toxicity against urinary tract cells [33], [34].
polymorphonuclear phagocytosis and death of  bladder epithelial cells. SAT is associated 
erythrocytes and contributes to nephropathogenecity, while the CNF-1 interferes with 
the urinary tract. The alfa-hemolysin (HlyA) is a pore-forming toxin that affects mainly 
and secreted autotransporter toxin (SAT) play an important role in the colonization of 
by UPEC such as the alfa- hemolysin (HlyA), cytotoxic necrotizing factor type 1 (CNF1)
age effector immune cells and access host nutrients and iron stores [29]. Toxins secreted 
poproteins that can lyse host cells, allowing UPEC to easier cross mucosal barriers, dam- 
The second group of  virulence factors consists of  secreted proteins such as toxins and li- 

[38].
stationary phase of  the growth, anaerobiosis, high temperature and nutrient depletion 
gent  response,  catabolize  repression,  mutations  in  specific  genes,  e.g.  the ompR gene, 
the gut of  animals.  Its production is stimulated by several factors,  including the strin- 
Bacteriocin production is widely distributed in nature and is particularly observed in 

phylogenetically associated [41].
Interestingly,  the  microcin  V  and  M, from  the  IIa  and  IIb  class,  respectively,  are 
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Overall, the production of  bacteriocins are associated with E. coli strains belonging to 
phylogenetic group B2 present in human fecal samples. Interestingly, most ExPEC 
isolates belong to this phylogenetic group [44]. Overall the profile of the virulence 
factors in UPEC isolates is highly diverse and, for this reason, establishing a relation 
between the presence of virulence factors and severity of the infections is difficult. Still, 
identifying virulence factors could be used to search for molecular markers for more 
accurate diagnostics and as potential vaccine targets [45].

Figure 2. Virulence factors of  uropathogenic Escherichia coli. The virulence factors can be divid-
ed into four main groups: adhesins and fimbriae, both associated with the adhesion of the 
bacteria to host urothelial cells; iron acquisition proteins, essential to survive in and to colonize 
the urinary tract in an iron limited environment; and toxins, associated with immune evasion, 
exfoliation and tissue damage.

1
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 Chapter 1

Crucial for the persistence of E. coli in the genitourinary tract is the ability to form 
a biofilm [46] and it is estimated that 68-80% of E. coli can do so [47]–[49]. Bacterial 
cells present in biofilm are known to have increased resistance to antibiotics, detergents 
and host immune defense substances [46], [50]. UPEC can form an intracellular biofilm 
community (IBC) in urogenital cells and a biofilm on abiotic surfaces of indwelling 
medical devices, including urinary catheters [51]. Therefore, CAUTIs are one of  the 
most common nosocomial infections [13], [52]. E. coli can also form biofilms into the 
bladder walls[51]. Biofilm formation hinders the treatment of UTIs, as they “protect” 
the bacteria against the antibiotic therapy, and is, therefore, also associated with chronic 
UTIs, such as chronic prostatitis [51], [53]. Indeed, prolonged catheterization can 
result in persistent infections and inevitable lead to bacteriuria. Catheters also impair 
the normal defense of the bladder, further increasing bacterial colonization. Moreover, 
bacteria in biofilms work as a community, facilitating the exchange of genetic material 
thereby facilitating the spread of antibiotic resistance. Finally, biofilms complicate an 
accurate diagnosis and antibiotic susceptibility testing as only the bacteria floating in the 
urine will be collected. The most effective way to avoid CAUTIs is to prevent 
catheterization or reduce the duration of it [22], [54]. This also reduces the reservoir 
of  MDR gram-negative bacteria inside hospitals [55].

Mobile genetic elements

Many of  the virulence factors are encoded by genes on mobile genetic elements 
(MGEs), especially pathogenicity islands (PAIs). PAIs are a distinct class of  genomic 
islands that are usually absent from nonpathogenic microorganisms. They are 
horizontally acquired and can originate from non- related microorganisms. PAIs are 
considered to be involved in ExPEC’s pathogenicity and play a role in the evolution of 
hypervirulent E. coli clones [58], [59]. Virulence genes present in PAIs include 
adhesins, toxins, invasins, capsule genes, and genes belonging to the iron uptake 
system and secretion system [61]. The PAIs are characterized by tRNA genes, GC-
content, repeated sequences and insertion sequences (ISs) [58], [62]. UPECs can have 
several PAIs and there is an association be-tween the presence of  PAIs and the severity 
of  infections [63].

Also, plasmids containing genes encoding bacteriocin, toxins, genes belonging to the 
iron uptake systems and outer membrane protein genes, have been associated 
with virulence in ExPEC, particularly extended-spectrum-beta-lactamase(ESBL)-
encoding plasmids belonging to the IncF, A/C, N, and K types[66]. The 
acquisition of plasmids is further associated with bacteria causing outbreaks and 
with emergence of new resistance clones [60], [67].
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other virotypes are more restricted to specific regions [79].
virotype C being the most prevalent showing a worldwide dissemination [77], [78]. The 
virulence  genes,  the  ST131 E.  coli can  be  divided  into  virotypes  A,  B,  C  and D,  with 
spread  worldwide  in the  recent  years  [77].  By  analyzing  the  presence  of  specific 
resistant  to  fluoroquinolones  and  cephalosporins  and  producing  CTX-M-15,  rapidly 
Especially,  a specific  subgroup,  assigned  as H30-Rx,  mostly  associated  with  isolates 
presence of the type 1 fimbriae encoded by the fimH30 gene (ST131 sub-clone H30). 
sion  of   one  of   the  sub-clones  of   this  lineage  was  shown  to  be  driven  by  the 
nant clone since the beginning of  the third millennium [75], [76]. The successful expan- 
studied high-risk clone of E. coli is the ST131 lineage, which became a worldwide domi- 
abundant  in  the community and  in  the hospital  environment.  One  of the most often 
a MDR- phenotype with increased levels of virulence. Such high-risk clones are highly 
Isolates belonging to successful lineages are also called high-risk clones and often display 

antibiotic groups in that regions [72]–[74].
profiles are associated with particular geographical regions related to the use of specific 
sion and rapid dissemination of specific lineages with specific antibiotic resistance gene 
emergence of specific E. coli lineages. It is strongly suggestive that the emergence, expan- 
of  the CTX-M-15 gene, is being observed since early 2000s and is associated with the 
tamase,  CTX-M  gene  [70],  [71].  The  spread  of   these  resistance  genes,  especially  that 
ESBL-producing E. coli in Europe and the Americas, 97% contains a class A beta-lac- 
are of big concern [68] and empirical treatment of UTIs is challenging [69]. Among the 
reported [1]. Indeed, UTIs with ESBL- producing and fluoroquinolones resistant E. coli 
use of last-resort antibiotics as carbapenems for which also increasing resistant rates are 
losporins to treat UTIs cannot be used against such resistant bacteria, necessitating the 
has  increased  worldwide. Commonly used  antibiotics  as  fluoroquinolones and cepha- 
In the last years, the number of infections caused by multidrug-resistant (MDR) E. coli 

Antibiotic resistance and E. coli high-risk clones

genes contributing to the virulence of  ExPEC [60].
Finally, other MGEs as transposable elements and bacteriophages may contain virulence 
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treating UTIs caused by  MDR E. coli [87]–[89].
treat  uncomplicat- ed  UTIs  and  recent  studies  indicated  it  to  be  a  good  choice  for  
necrosis [86]. Despite  the  presence  of  side  effects, fosfomycin  has  been  used  to  
have  been reported such as angioedema, aplastic anemia, cholestatic jaundice and hepatic 
limited   effectiveness  in  patients  who  are  critically   ill   [86].  Additionally,  side   effects   
for a while  mainly  due  to  the  poor  bioavailability  of  oral  fosfomycin  (37%) and  its  
it  has  low resistance rates  (1- 5%) and works against  biofilms, the drug was not  used  
1969 in Spain and is active against both Gram-positive and -negative bacteria. Although, 
and ESBL- and carbapenemase-producing bacteria [85]. Fosfomycin was discovered in 
studied  and  used  to  treat  infections  caused  by  thrimetoprim-sulfametazaxole  resistant 
With  the  increase  of   antibiotic  resistance,  old  drugs,  including  fosfomycin  have  been 

Fosfomycin (hetero)resistance

prevent further spread of  antibiotic resistance.
prevention measures, and extensive surveillance are extremely important and required to 
proved diagnostic methods (including the detection of  these high-risk clones), infection 
be treated at all [68]. Furthermore, a better choice of  current antimicrobial agents, im- 
crises. It is estimated that already 700,000 people per annum die of  infections that cannot 
spread of  highly virulent and resistant clones is even enhancing the antibiotic resistance 
reduce  the  abusive  use  of   it.  The  combination  of   the  abusive  antibiotic  use  and  the 
In Brazil, antibiotics are available even without prescription, despite laws to control and 

most important mechanism for spread of  antibiotic resistance [84].
[83]. Overall, plasmid mediated horizontal gene transfer (HGT) is considered to be the 
replicon types such as FIA, FIB and FII, and have the ability to carry resistance cassettes 
nated among the whole family of  Enterobacteriacea. These plasmids contain  divergent 
incompatibility group IncF are known to often carry resistance genes and are dissemi- 
important role in the spread of  resistance genes [67]. Especially, plasmids belonging to 
chapter to be important for acquisition of  genes encoding virulence factors also play an 
to trimethoprim in different countries including Brazil. MGEs already discussed in these 
ducing clones [82]. In addition, ST69 has been associated with the increase of  resistance 
these lineages, stressing the importance of  monitoring the emergence of  new ESBL-pro- 
production [81]. However, recent studies reported ESBL-producing isolates belonging to 
worldwide [80]. Most ST69 and ST73 isolates are normally not associated with ESBL 
Next to ST131, other lineages as ST69, ST73, ST405 and ST648 successfully expanded 
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Fosfomycin acts by inhibiting the first cytoplasmic stage of cell wall synthesis by binding 
to the enzyme UDP-N-acetylglucosamine enolpyruvyl transferase (MurA) thereby in-
hibiting its activation. To enter the bacteria, fosfomycin uses two different transporters, 
L-alpha-glycerol-3-phosphate (GlpT) and hexose-6-phosphate (UhpT) [85]. The activity
of  the second transporter is induced by the presence of  glucose-6-phosphate. In addi-
tion, expression of  both transporters is regulated by cyclic AMP (cAMP) [90]. Further-
more, fosfomycin can reduce the adhesion of  the bacteria to the epithelium [91] (Figure
3). Although both the mechanism of action of fosfomycin and its structure are unique,
making cross-resistance unusual, resistance to fosfomycin can occur through several oth-
er mechanisms. The best known is a mutation in the murA gene resulting in an amino
acid change of  a cysteine into an aspartate found in several bacteria like Vibrio ischeri,
Chlamydia spp. and Mycobacterium tuberculosis [91] and due to which fosfomycin cannot bind
to MurA any longer. Another resistance mechanism is the production of  peptidoglycan
via an alternative route, as has been identified in Pseudomonas putida (recycling route) [92].

In E. coli, fosfomycin resistance has been described to be caused by mutations in the 
chromosomally located glpT and uhpT genes encoding fosfomycin transporters resulting 
in blocking the uptake of  fosfomycin [93]. Since these proteins are also essential for 
bacterial survival and their metabolism, such mutations are rarely found. More commonly 
found mutations include those in the cyaA and ptsI genes, resulting in lower cAMP levels 
thereby decreasing the expression of  fosfomycin transporters. In addition, the overex-
pression of  MurA is also related to fosfomycin resistance in E. coli [93], [94].

Enzymes capable of  modifying fosfomycin, such as glutathione S-transferase (FosA), a 
metalloenzyme transferred through plasmids among Enterobacteriacea, can also cause 
fosfomycin resistance. Several subtypes of  glutathione S-transferases with similar struc-
tures have been described (FosA2, FosA3, FosA4 and FosA5) [95], [96]. Other enzymes 
involved in fosfomycin resistances include FosB, an enzyme 46% identical to FosA and 
catalyzing a reaction between cysteine and fosfomycin in Gram-positive bacteria, FosX, 
a chromosomal enzyme catalyzing a reaction of  fosfomycin with water and found in 
Listeria monocytogenes, and FosC, an enzyme similar to glutathione S-transferase catalyzing 
the phosphorylation of  ATP and inactivating fosfomycin found in Pseudomonas syringae 
[97]–[99].
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cAMP-CRP complex and UhpA.
using UDP-GlcNAc  and  PEP. The  expression  of  the glpT and uhpT genes  are  induced  by  the  
consequently, the  formation  of  UDP-GlcNac-3-O-enoulpyuvate  a  peptidoglycan  precursor  
by both GlpT and UhpT. Once inside the cell, fosfomycin binds to MurA blocking the catalysis and, 
Figure 3. Fosfomycin uptake and regulation of  transporters. Fosfomycin can be transported 

subpopulations survive and may cause  persistent and recurrent UTIs [103].
the  urothelial  cells. However,  due  to  the  heteroresistance  phenotype, resistant  
fosfomycin penetrates cells,  it normally kills the bacteria in these IBCs present inside  
[102], and  may  be  particularly  relevant  for  UTIs  where  bacteria  form  IBCs. Once  
normally  not  revers ible  [101]. Heteroresistance  can  lead  to  treatment  failure  [100], 
minimum inhibitory  concentration (MIC) [100]. In addition, a heteroresistant profile is 
able  to  growth in   the  presence  of  concentrations  of  the  antibiotic  higher  than their  
presence of  one  or more subpopulations in a particular bacterial population that is/are 
from  such   tolerant  subpopulations, heteroresistant  strains  can  be  defined  as  the  
antibiot ics  but  that  are  not  detected  in  routine  diagnostics  [100]. However, different  
relatively  common, and can generate subpopulations that tolerate high concentrations of  
not fully  clear  and  standardized. The  heterogenicity  inside  a  bacterial  population  is  
may   be   an   underestimated   problem.  The   precise   definition   of   heteroresistance   is   
Even though the fosfomycin resistance rate remains low, heteroresistance to fosfomycin 



General Introduction   

Heteroresistance to fosfomycin has been described for S. pneumoniae, P. aeruginosa and E. 
coli [89], [94], [97][90], [102]. Previous studies have linked this phenotype to mutations in 
genes that regulate cAMP, ptsI and cyaA genes, in genes encoding transporters used by 
fosfomycin, i.e., glpT and uhpT, in genes that regulate the expression of  these transport-
ers such as glpR, uhpA, uhpB, uhpC, resulting in reduced expression of  the transporters 
used by fosfomycin and consequently its uptake, and mutations in the fosfomycin 
target murA gene, preventing the binding of  fosfomycin to its active site. However, 
the few studies addressing these mechanisms state that such mutations come with a 
high cost of bacterial fitness being the reason that the frequency of heteroresistance is 
even lower than full resistance [90], [102], [104]–[106]. Clearly, studies evaluating the 
clinical impact of heteroresistance against fosfomycin and the mechanisms leading to 
this phenotype are highly relevant for a better understanding of the importance of this 
profile in UTIs and other kind of infections.
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using WGS.
ed  from  patients  in  four  hospitals  in  Rio  de  Janeiro,  Brazil 
the population structure of E. coli from urine samples collect- 
which had as main objective to comprehensively characterize 
These  questions  were  addressed  in  chapter  2  of   this  thesis 

associated with specific lineages?
lates in Brazil? What is the frequency of  antibiotic resistance? and Could resistance be 
Thus, our initial research questions were: How is the population structure of these iso- 

regions is key for developing infection prevention strategies.
ticularly Brazil. Therefore, getting insight into the local epidemiology of E. coli in these 
in  several  countries,  there  is  a  lack  of   information  for  South  American  countries,  par- 
an association between specific sequence types and the resistance profile has been found 
tance rates to antibiotics normally used to treat these infections are observed. Although 
As mentioned, E. coli is the most common etiological agent of  UTIs and increased resis- 

prevention strategies.
their epidemiology. This knowledge is key for improvement of treatment and infection 
derstand  the  evolution  and  transmission  of high-risk  bacterial  clones  and  understand 
the risk of emerging pathogens, predict epidemiological patterns, comprehensively un- 
of  bacterial  pathogens,  can  be  one  of these  strategies.  Through  WGS  we can assess 
sequencing (WGS) that provides insights into the virulence and resistance mechanisms 
rapidly emerging strains will be of direct benefit for the patient. The use of whole genome 
and better understanding the mechanisms of virulence, resistance and dissemination of 
use of currently available antibiotics. Thus, new, rapid molecular diagnostic techniques 
E. coli. This can only be achieved by improving diagnostic methods and the most prudent 
management of UTIs in patients, especially in cases were infections are caused by MDR 
E. coli have led to serious and difficult-to-treat infections. There is a need to improve the 
costs. Particularly, UTIs are one of  the most common HA-infections. MDR-bacteria as 
leading  to  an  increase in  morbidity  and  mortality as  well as  an  increase in  health  care 
In general, infections inside hospitals are considered a public health problem in Brazil 
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profile affect the susceptibility of  bacterial cells to antibiotics in biofilms??
molecular  mechanisms  associated  with  this  phenotype?  and  Can  a  heteroresistance 
fosfomycin heteroresistance among our multidrug resistant E. coli isolates? What are the 
Therefore, the next questions addressed in this thesis were: What is the frequency of 

oresistance and its definition and methodologies to study it are not standardized.
with  recurrent  infections. However, there  are  only few studies about fosfomycin heter- 
high concentrations of antibiotics can lead to therapy failure  and  could  be associated 
topic. In heteroresistant populations, subpopulations able to growth in the presence of 
this antibiotic, i.e., heteroresistance against it, that, as mentioned, is a poorly investigated 
fosfomycin remaining low, another phenomenon could lead to reduced susceptibility to 
fosfomycin against this pathogen with low resistance rates. Despite the resistance rate of 
plicated UTIs caused by MDR bacteria. Previous studies showed a high effectiveness of 
antibiotics, such as fosfomycin have been studied as an alternative option to treat com- 
As the treatment of UTIs caused by multidrug-resistant E. coli is at least challenging, old 

virulence of  the isolates.
reveal the role of  MGEs in the antimicrobial resistance and 
urine of  hospitalized patients, in Rio de Janeiro, Brazil and to 
ent in ST131 E. coli isolates and  other  lineages  isolated  from 
which had as main objectives to characterize the MGEs pres- 
We tried to answer these questions in chapter 3 of  this thesis 

ST131 isolates?
these isolates? And Is there an association between plasmids and specific sub-clones of 
isolates? What  is  the  role  of  these  MGEs  in  the  virulence  and  resistance  profiles  of 
Therefore,  our  next  questions  were:  Which  MGEs  can  be  identified  in  our E.  coli 

virulent and associated with complicated UTIs.
known  to  drive  the  evolution  towards  specific  sub-clones  of E.  coli that  are  more 
is associated with the emergence of  high-risk E. coli clones. Furthermore, plasmids are 
tion of plasmids is known as the main mechanism to acquire antibiotic resistance and 
host defense mechanisms and to cause more severe infections. In addition, the acquisi- 
dramatically  increase  the  virulence  genes  content  allowing  these  bacteria  to  overcome 
genomic islands, particularly PAIs, horizontally transferred between bacterial cells, can 
to drive the evolution of specific successful lineages spread worldwide. Among MGEs, 
MGEs play an important role in the virulence and resistance of E. coli and are known 
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We addressed these questions in chapter 4 of this thesis 
which had as main objectives to study the frequency of 
heteroresistance in E. coli isolated from urine of hospitalized 
patients in Brazil, to characterize the possible molecular 
mechanisms involved in it and to investigate the potential 
effect of the heteroresistance in the eradication of  (bacteria 
in) biofilms.

As mentioned, virulence factors are essential for E. coli pathogenesis. Bacteriocins are a 
group of  antibacterial peptides produced by bacteria that allow them to kill other close-
ly related bacteria. They are one of  the virulence factors that can increase the survival 
of  bacteria by increasing their competitiveness. Bacteriocins are frequently encoded by 
plasmids and are produced by both commensal and pathogenic E. coli including those 
present in the human gut microbiota. Bacteriocins could help specific lineages to colo-
nize the human gut making it a reservoir for these pathogens that then can cause UTIs by 
contaminating the urinary tract. However, the number and types of bacteriocins present 
in E. coli isolates is extremely diverse and until now no indication of specific bacteriocin 
genes associated with resistant lineages was found. Nonetheless, the presence of bacterio-
cin and resistance genes on the same plasmid can enhance the spread of specific bacte-
riocin genes among lineages associated with antibiotic resistance. Hence, the questions 
addressed in this chapter were: Could the presence of  plasmids encoding bacteriocin and 
resistance genes affect the virulence potential of  bacteria? and Could the presence of 
resistance genes in bacteriocin encoding plasmids enhance transmission of  this plasmid?

These questions were addressed in chapter 5 of  this thesis 
which had as main objectives to characterize resistance genes 
and colicin-encoding plasmids of  ST131 E. coli isolated from 
clinical urine samples and to investigate their role in the viru-
lence of  these isolates.

Virulence factors such as adhesins, invasins, iron uptake systems and biofilm-
forming ability are essential in the pathogenesis of E. coli as they allow the bacteria to 
colonize and survive in the host. The biofilm-forming ability is associated with chronic 
and device-related UTIs. However, the presence of  resistance and virulence 
determinants in E. coli isolates represent only half  of  the factors that contribute to the 
risk of  developing a UTI; the other half is related to the host’s susceptibility. The 
presence of several risk factors is 
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known to increase the host susceptibility and the risk of  therapeutic failure. Despite sev-
eral studies have been performed to better understand the relation between the genetic 
characterization of pathogens and the risk factors in patients suffering from UTIs, the 
genotypic diversity among ExPEC strains makes it difficult to find such associations 
and more studies are required to get a better understanding of it.

Therefore, our next questions were: Could we correlate the biofilm-forming ability with 
virulence and resistance phenotypes and genotypes? and Is there an association between 
the pathogenicity of  the bacteria and the presence of  risk factors of  the patients?

These questions were addressed in chapter 6 of  this thesis 
which had as main objective to reveal characteristics of  UTIs 
in hospitalized patients in Rio de Janeiro, Brazil, including 
the biofilm-forming ability and antibiotic susceptibility of  the 
bacteria, the presence of  bacterial virulence and resistance 
genes, and a possible correlation between the patient’s risk 
factors and getting a CA-UTI or HA-UTI.

Finally, in the chapter 7 of this thesis we discuss our findings, try to make conclusions 
out of them and give some future perspectives.

1
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Abstract 

Urinary tract infections (UTIs) are often caused by Escherichia coli. Their increasing 
resistance to broad-spectrum antibiotics challenges the treatment of  UTIs. Whereas, E. 
coli ST131 is often multidrug resistant (MDR), ST69 remains susceptible to antibiotics 
such as cephalosporins. Both STs are commonly linked to community and nosocomial 
infections. E. coli phylogenetic groups B2 and D are associated with virulence and 
resistance profiles making them more pathogenic. Little is known about the population 
structure of E. coli isolates obtained from urine samples of  hospitalized patients in Brazil. 
Therefore, we characterized E. coli isolated from urine samples of  patients hospitalized 
at the university and three private hospitals in Rio de Janeiro, using whole genome 
sequencing. A high prevalence of E. coli ST131 and ST69 was found, but other lineages, 
namely ST73, ST648, ST405, and ST10 were also detected. Interestingly, isolates could 
be divided into two groups based on their antibiotic susceptibility. Isolates belonging to 
ST131, ST648, and ST405 showed a high resistance rate to all antibiotic classes tested, 
whereas isolates belonging to ST10, ST73, ST69 were in general susceptible to the 
antibiotics tested. Additionally, most ST69 isolates, normally resistant to aminoglycosides, 
were susceptible to this antibiotic in our population. The majority of  ST131 isolates were 
ESBL-producing and belonged to serotype O25:H4 and the H30-R subclone. Previous 
studies showed that this subclone is often associated with more complicated UTIs, 
most likely due to their high resistance rate to different antibiotic classes. 
Sequenced isolates could be classified into five phylogenetic groups of which B2, D, 
and F showed higher resistance rates than groups A and B1. No significant difference 
for the predicted virulence genes scores was found for isolates belonging to ST131, 
ST648, ST405, and ST69. In contrast, the phylogenetic groups B2, D and F 
showed a higher predictive virulence score compared to phylogenetic groups A 
and B1. In conclusion, despite the diversity of E. coli isolates causing UTIs, clonal 
groups O25:H4-B2-ST131 H30-R, O1:H6-B2-ST648, and O102:H6-D-ST405 were the 
most prevalent. The emergence of highly virulent and MDR E. coli in Brazil is of  high 
concern and requires more attention from the health authorities.
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Introduction
Urinary Tract Infections (UTIs) are one of  the most important causes of  community 
and healthcare-associated infections in many clinical onsets worldwide, including 
Brazil [1], [2]. Indeed 30–50% of healthcare-associated infections are due to UTIs. This 
high prevalence is linked to several risk factors, such as catheterization, surgical 
manipulation and disruption of the urinary tract, diabetes, immunosuppressant drug 
use, previous admissions, and other comorbidities [3], [4]. The risk factors and 
antibiotic resistance profiles are different for infections acquired in the community or 
in the hospital environments [5]. Although in general the majority of  UTI cases are 
uncomplicated, UTIs in hospitalized patients increase the risk for developing sepsis and 
lead to higher mortality rates [6].

Escherichia coli is the main etiological agent responsible for 70–90% of  all UTIs [1], [7]. 
The treatment of patients with UTIs has become increasingly difficult because of the 
rapid spread of  antibiotic resistance [8]. Especially, extended spectrum beta-lactamase 
(ESBL)-producing E.  coli are a problem, but an observed rise in fluoroquinolones and 
aminoglycosides resistance has also significantly contributed to problematic and reduced 
treatment options for infected patients [9], [10]. Several studies have already described 
the high prevalence of  UTIs caused by ESBL- producing E. coli in the community and 
hospitals [11], [12].

Recently, high antibiotic resistance rates have been associated with specific E. coli 
lineages, such as the multidrug resistant (MDR) sequence type (ST) 131[13]. 
Particularly, CTX-M beta-lactamase producing E. coli of serotype O25:H4 and ST131 is a 
successful spreading clone [14] strongly associated with the resistance to 
aminoglycosides and fluoroquinolones. In contrast, other E.  coli lineages such as ST69, 
ST73, and ST95, also frequently found as a causative agent of  community and hospital 
acquired UTIs, seem to persist as non-ESBL-producing isolates[15], [16].

Extra-intestinal pathogenic E. coli (ExPEC), including uropathogenic E. coli (UPEC) 
most commonly associated with human disease, consist of distinct phylogenetic groups 
with different sets of  virulence genes. Previous studies have shown that most ExPEC 
isolates causing infections belong to phylogenetic groups B2 and D, while isolates in 
phylogenetic groups A and B1 were mostly identified as commensal E. coli isolates [17]. 
Moreover, pathogenic ExPEC isolates harbor specific virulence genes which confer their 
pathogenic potential [18] and are involved in every step in the pathogenicity of  ExPEC. 
Thus, adhesins are a prerequisite to adherence and successful colonization, toxins are 
responsible for cell damage to urinary tract epithelial cells, and the iron uptake system 
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allows colonization of the urinary tract thereby helping the bacteria to persist [19].

Despite the diversity of  ExPEC causing infections, previous studies have shown 
the connection between specific E. coli lineages and their particular resistance profiles, 
and severity of the infections [8], [20], [21]. Thus, defining the genetic background of 
the pathogen by the identification of a particular ST, its serotype and the detection 
of resistance genes, can be useful not only for improving further patient treatment but 
also to allow an improved risk assessment of  bacterial infections in the hospitals. 
The aim of  this study is to comprehensively characterize the population structure of E. 
coli from urine samples collected from patients in four hospitals in Rio de Janeiro, 
Brazil using whole genome sequencing (WGS).
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FimTyper
using  the SerotypeFinder  tool  [26],  and  the fimH type by uploading the genomes to 
uploading assembled  genomes  in  fasta  format  to  ResFinder  2.1  [25],  the  serotyping  by 
website (version  1.7)  [24].  Presence  of   antibiotic  resistant  genes  was  determined  by 
genomes in fasta format to the Center for Genomic Epidemiology (CGE) MLST finder 
RAST  server  version  2.0  [23].  The  ST  was  identified  by  uploading  the  assembled 
Sheet  S2).  Annotation  was  performed  by  uploading  the  assembled  genomes  onto  the 
assembly quality data for all isolates is available in the supplementary data table (Data 
CLC bio A/S, Aarhus, Denmark) using default settings and an optimal word-size. The 
De novo assembly was performed using CLC Genomics Workbench v10.0.1 (Qiagen, 

Assembly and Data Analysis

to obtain a coverage of at least 60-fold as previously described [22].
sequencing was performed on the Miseq (Illumina) to generate 250-bp paired-end reads 
(Illumina, San Diego, CA, US) following the manufacturer’s instructions. Whole genome 
protocol. A DNA library was prepared for individual samples using the Nextera XT kit
DNA isolation kit (MO BIO Laboratories, Carlsbad, CA, US) following the manufacturer’s 
Total  bacterial  DNA  was  extracted  from  each  isolate  using  the  UltraClean® microbial 

DNA Extraction and Whole Genome Sequencing

guidelines (v7.1, 2017) and confirmed by E-test (bioMérieux) assays.
was performed using VITEK-2 (bioMérieux, Marcy l’Etoile, France) following EUCAST 
flight (MALDI-TOF)  mass  spectrometry  (Bruker,  Germany).  Antibiotic  susceptibility 
All  isolates  were  identified using a  matrix-assisted  laser  desorption/ionization  time-of- 

Bacterial Identification and Antibiotic Susceptibility Testing

at -80oC in a Luria-Bertani Broth (LB, Merck, S.A.) with 20% glycerol.
cell density higher than 105 colony-forming units was obtained. Bacterial cells were stored 
cultured on cysteine lactose deficient medium agar plates (CLED, BD, Germany) till a 
Eighty-eight percent of the isolates were  from  female patients.  Bacterial isolates were 
patients (50.60% were from the private hospitals and 49.40% from the public hospital). 
study, 107 isolates were collected between November 2015 and November 2016 from the 
were included regardless the presence of risk factors or observed UTI symptoms. In this 
Data Sheet S1). All four hospitals are located in the city of Rio de Janeiro, Brazil. Patients 
one of three small private hospitals (coded Hospital A, Hospital B and Hospital C; see 
of  the Hospital Universitário Pedro Ernesto (HUPE; a 600-bed university hospital) or to 
E. coli isolates were collected from urine samples of patients admitted to different wards 

Bacterial Isolates
Materials and Methods
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table (Data Sheet S2) for individual accession numbers.
Nucleotide Archive under the project number PRJEB23420. See the supplementary data 
The raw data of all whole genome sequenced isolates were deposited in the European 

Nucleotide Sequence Accession Number

Prism v7.03 (GraphPad Software, La Jolla, US).
(PVS) between the phylogenetic and ST groups. Analysis was performed using GraphPad 
The Mann-Whitney test was used to compare the mean of predictive virulence scores

Statistical Analysis

described [31].
approach  using  a  2764-genes  core  genome  (cg)MLST  scheme  was  used  as  previously 
uploaded into SeqSphere v.4.1.9 (Ridom, Munster, Germany) and a gene-by-gene typing 
defined as described by [30]. To determine the phylogenetic relationship the isolates were 
virotype of the ST131 isolates was defined as described by [29]. Phylogenetic groups were 
also  used  to  characterize  the  isolates  as  ExPEC  or  UPEC  as  described  by  [28].  The 
using the number of genes found in each isolate. Predictive virulence genes scores were 
virulence  genes  were  investigated,  and  the  predictive  virulence  score  was  determined 
Genomics Workbench v10.0.1 (Qiagen, CLC bio A/S, Aarhus, Denmark). In total, 64 
genes (see Data sheet S3) downloaded from the NCBI or ENA database into the CLC 
The virulence genes were identified by blasting them against known virulence reference 

Virulence Genes, Virotype, Phylogenetic Typing, and Analysis

(version 1.0) [27] all present through the CGE website.



 
 

 

 

Figure 1. Resistance rates to different classes of antibiotics. (A) The percentage of ESBL 
isolates, Escherichia coli carbapenemase producing isolates (E-CP), multidrug resistance 
isolates excluding ESBL producing ones [MDR (non-ESB)], isolates resistant to less than three 
antibiotic classes (resistant to <3) and fully sensitive isolates; (B) The frequency for all 
antibiotic tested, showing the high resistance rate to antibiotics most frequently used in  the  
treatment  of   UTIs  such  as  aminoglycosides, fluoroquinolones, trimethoprim, and 
trimethoprim sulfamethoxazole and a low frequency of  resistance to fosfomycin and 
nitrofurantoin.
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background  of E.  coli isolates (see Data Sheet S1).
antibiotic   resistance   profiles   including MDR   could   be   linked   to the   genetic 
tazobactam  and  nitrofurantoin  which were   13.08  and   3.73%,  respectively.  Observed 
(n=48;  44.85%)  was   high   (Figure 1B), compared  to  the  resistance  rates  to  piperacillin/ 
(n=56;  52.33%),  trimethoprim   (n =52;  48.59%),  and   trimethoprim-sulfamethoxazole
Furthermore, the  resistance  rate to  aminoglycosides  (n=50; 46.72%), fluoroquinolones
majority   of the   isolates   was susceptible   to   fosfomycin   (n=105;  98.13%)  (Figure   1B). 
than   three   antibiotic classes  and  25  (23.36%)  were  fully  sensitive  (Figure  1A).  The 
(28.04%)  were non-ESBL.  In   addition,  16  (14.95%)  isolates   were   resistant   to  less  
(28.97%) were  ESBL-producing,  5  (4.67%)  were  carbapenemase-producing  and  30 
classes. In  total, 66 of 107 (61.68%) isolates   were  MDR  and  among  these isolates, 31 
MDR  was   defined   as   an   isolate   showing   resistance   to   three   or   more  antibiotic  

Antibiotic Resistance Pattern
Results



MLST and Serotype
In this study, 63 (58.87%) isolates were categorized as ExPEC (n=10; 9.34%) or UPEC 
(n=53; 49.53%) (see Data Sheet S4). Multi locus sequence typing (MLST) was performed 
and revealed the predominance of  six ST groups, namely ST131, ST69, ST648, ST10, 
ST73, and ST405. ST131 was the most frequent ST found (n=26; 24.07%), followed by 
ST69 (n=9; 8.33%). In addition, 6 (5.56%) isolates belonged to ST648 and 7 (6.48%) 
isolates to ST10. ST73 and ST405 were both represented by 4 (3.70%) isolates. Of  all 
the isolates, 29 (26.85%) were singletons representing their own sequence type (Figure 
2A). Serotype O25:H4 was the most frequently found (n=24; 22.64%) (Figure 2B). Of  
the ST131 isolates, 92.30% (n=24) belonged to the most frequently found serotype 
O25:H4 and the other two isolates belonged to serotype O16:H5. All ST405 isolates were 
serotype O102:H6 and all ST648 isolates were of  the O1:H6 serotype. Most isolates of  
the ST69 group belonged to serotypes O17/O77:H18 (n=4; 44.44%) or O17/O44:H18 
(n=2; 22.22%). Other serotypes found in more than 1% of  the isolates were O89:H10 
(n =4; 3.77%), O102:H6 (n=4; 3.77%), O16:H5 (n=3; 2.83%), O15:H11 (n=3; 2.83%), 
O6:H1 (n=3; 2.83%), O75:H5 (n=3; 2.83%), O7:H4 (n=3; 2.83%). The other isolates (n 
=32; 30.19%) had a unique serotype (Figure 2B).     

Figure 2. Distribution of sequence types (ST), serotypes, and phylogenetic groups 
extracted from the whole genome sequence data. (A) Percentage of  ST lineages found in 
this study, showing the high prevalence of ST131, ST69, ST10, ST648, ST450, and ST73. Isolates 
belonging to singleton STs comprise more than one third of  the isolates; (B) Frequencies of 
serotypes found showing O25:H4 to be the most frequent serotype; (C) Frequencies of the five 
phylogenetic groups, showing the high prevalence of  B2, followed by A, D, and B1 and the low  
prevalence of  isolates belonging to phylogenetic group F.
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Phylogenetic Analysis 
In the present study, the most frequently found phylogenetic group was B2 (n=52; 
49.53%), followed by phylogenetic groups A (n=20; 18.69%), D (n=14; 13.08%), B1 
(n=14; 13.08%), and F (n=4; 3.74%; Figure 2C). For 1.87% of the isolates it was not 
possible to identify the phylogenetic group (Figure 2C). All ST131, ST73, and ST648 
isolates belonged to phylogenetic group B2 while ST69 and ST405 isolates belonged 
to phylogenetic group D. The isolates of ST10, ST1703, ST744 were classified in the 
phylogenetic group A and the ST354 isolates were classified in phylogenetic group B1 
(see Data Sheet S4). The other isolates represented by a diversity of  ST groups were 
classified into different phylogenetic groups. We investigated the genetic relationships 
of  the sequenced isolated based on their core genome. Not surprisingly, the isolates of 
the same ST were genetically related and formed ST specific cgMLST clusters (Figure 
3). The ST131 isolates with serotype O25:H4 showed less genetic diversity and clustered 
closely to each other in the cgMLST phylogenetic tree. In general, the ST131 isolates 
were more closely related with each other while the isolates within ST69 were more 
diverse. On the other hand, the ST131 isolates could be separated by their serotype and 
O16:H5/ST131 isolates clustered separately from O25:H4/ST131 ones. Based on the 
core genome analysis the same was observed for isolates belonging to ST405, ST1703, 
and ST648 that clustered according to their ST and within such cluster isolates showed a 
high degree of  genetic relatedness. Observed genetic relationships between isolates were 
independent from their hospital origin.
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Figure 3. Neighbor-joining (NJ) phylogenetic tree of Escherichia coli isolates based on 
a 2764-genes core genome MLST scheme. High-risk clonal groups are indicated by red 
doted boxes. For all isolates the phylogenetic groups, serotype and ST group is indicated unless 
the typing could not be identified from the whole genome data.
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Clonal Associations of blaCTX-M 
Whole genome sequencing data was used to screen for the presence of  genes responsible 
for the ESBL phenotype. This analysis revealed that 30 of  the 31 (96.77%) ESBL-
producing isolates contained a gene encoding a beta-lactamase of  the blaCTX−M 
type. In addition, two isolates were AmpC beta-lactamase producing and contained the 
blaCMY−2 gene.  In  the  CTX-M  positive isolates, blaCTX−M−15  was   the   most   frequently   
found variant (n =17;    53.12%) followed by blaCTX−M−8 (n =5; 15.62%). The majority of 
blaCTX−M−15 isolates belonged to O25:H4/ST131, and all the isolates that were CTX-M-
15-producing belonged to high risk clonal groups (O25:H4/ST131, O1:H6/ST648, or 
O102:H6/ST405). Among the singleton isolates 17.24% (n=5) were ESBL-producing, 
and carried different CTX-M genes (Table 1). Interestingly, the CTX-M- producing 
isolates were also frequently found to carry genes associated with aminoglycosides and 
fluoroquinolones resistance. The carbapenemase-producing isolates contained blaKPC−2 

(5 isolates). Twelve (70.58%) CTX-M-15-producing isolates were also positive for the 
blaOXA1 gene (Table 1 and Data Sheet S5).

Table 1. Beta-lactamase genes in carbapenemase and ESBL-producing E. coli isolates 
divided by ST groups.    

bla genes
NUMBER OF ISOLATESa (%)

STs bla
CTX-M-15

blaCTX-M-14 blaCTX-M-8 blaCTX-M-2 blaCTX-M-1 blaCMY-2 blaKPC-2 blaOXA-1 blaTEM-1A blaTEM-1C

ST131 8 (30.76) 0 (0) 0 (0) 1 (3.84) 0 (0) 2 (7.69) 4 (15.38) 7 (26.92) 0 (0) 0 (0)

ST648 4 (66.6) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 4 (66.66) 0 (0) 2 (33.33)

ST405 4 (100) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

ST69 0 (0) 0 (0) 1 (11.11) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

ST1703 0 (0) 0 (0) 1 (11.11) 2 (66.66) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

ST354 0 (0) 1 (33.33) 0 (0) 1 (33.33) 0 (0) 0 (0) 0 (0) 0 (0) 1 (33.33) 0 (0)

ST641 0 (0) 0 (0) 0 (0) 0 (0) 1 (33.33) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

Singleton 
STs

0 (0) 1 (33.33) 2 (6.89) 0 (0) 0 (0) 0 (0) 1 (3.44) 0 (0) 1 (33.33) 0 (0)

 aPlease note that only isolates that have the ESBL phenotype are included in this table.
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  Escherichia coli ST131 
UPEC strains produce different adhesins and fimbriae, including type 1 fimbriae. The 
FimH protein is the adhesive subunit of type 1 fimbriae that is used for epidemiological 
typing of  UPEC. In this study, three fimH types were identified among the ST131 
isolates, two O25:H4/ST131 isolates belonged to fimH22, two O16:H5/ST131 isolates to 
fimH41 while the majority of  O25:H4/ST131 isolates (n = 22) belonged to fimH30 
(Table 2). The virulence genes (afa/draBC, iroN, sat, ibeA, papGII, papGIII, cnf-1, hlyA, 
cdtB, neuC-K1, kpsMII-K2, kpsmII-K5) were used to determine the virotype of  ST131 
isolates based on the virulence profile. O25:H4/ST131 isolates belonged to different 
virotypes, i.e., 7 (26.92%) to virotype A, 1 (3.84%) to virotype B, 14 (53.84%) to virotype 
C, and 4 (15.38%) to virotype D. Isolates belonging to virotype C could be divided into 
subtypes C2 (n= 6) or C3 (n =3), whereas five isolates could not be further subtyped. 
The only two isolates with serotype O16:H5/ST131 were classified as virotype A (see 
Data Sheet S6). Almost all O25:H4/ST131 isolates were resistant to fluoroquinolones, 
whereas the O16:H5/ST131 isolates were susceptible to this antibiotic. The blaCTX−M 
gene was most prevalent in O25:H4/ST131 fimH30 fluoroquinolone resistant (O25:H4/
ST131-H30-R) isolates belonging to virotype C. Within ST131, blaCTX−M-15 was confined 
to the H30-R sub-clone known as O25:H4/ST131-H30-Rx, represented by 9 (34.61%) 
isolates (Table 2).
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Table 2. Distribution of  fimH types among ST131 Escherichia coli isolates.  

Isolates Phylogenetic 
group

fimH type Serotype Virotype ESBL 
genes

Fluoroquinolo-
nes resistanta

5332 B2 fimH22 O25:H4 D blaCMY-2 Pos

7018 B2 fimH30 O25:H4 A blaOXA-1 Pos

7104 B2 fimH30 O25:H4 C2 blaKPC-2 Pos

9260 B2 fimH30 O25:H4 C blaCTX-M-15 Pos

3218 B2 fimH30 O25:H4 C2 blaKPC-2 Pos

9581A B2 fimH30 O25:H4 C blaCTX-M-15 Pos

X5770d B2 fimH30 O25:H4 C blaCTX-M-15 Pos

X6638 B2 fimH30 O25:H4 A blaCTX-M-15 Pos

1294D B2 fimH30 O25:H4 B blaKPC-2 Pos

2102 B2 fimH30 O25:H4 A blaKPC-2 Pos

1710D B2 fimH30 O25:H4 C blaCTX-M-15 Pos

9533D B2 fimH30 O25:H4 C blaCTX-M-15 Pos

3528 B2 fimH30 O25:H4 C2 blaCTX-M-15 Pos

7078 B2 fimH30 O25:H4 C3 blaTEM-1B Neg

9893 B2 fimH30 O25:H4 C2 blaKPC-2 Pos

7974 B2 fimH30 O25:H4 D blaCTX-M-2 Neg

4233 B2 fimH30 O25:H4 D blaKPC-2 Pos

5420 B2 fimH30 O25:H4 A blaCTX-M-15 Pos

2478 B2 fimH41 O16:H5 A blaTEM-1B Neg

4006 B2 fimH41 O16:H5 A blaTEM-1B Neg

5976 B2 fimH30 O25:H4 C3 blaTEM-1B Pos

2206 B2 fimH30 O25:H4 A blaCTX-M-15 Pos

8565 B2 fimH30 O25:H4 C3 blaTEM-1B Pos

X2724 B2 fimH30 O25:H4 C2 blaTEM-1B Pos

6202 B2 fimH30 O25:H4 C2 blaTEM-1B Pos

5848 B2 fimH22 O25:H4 D blaCMY-2 Neg

   aNeg indicates susceptible to fluoroquinolones and Pos indicates resistant to fluoroquinolones.
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(n=60; 56.07%) (Table 3).
(serum  resistance  associated)  (n=66;   61.68%),   and kpsM (capsule  transport  protein) 
serum survival) (n=82; 76.63%), ompT (outer membrane protease) (n=72; 67.28%), traT 
marker)  (n  =103; 96.26%), gad (glutamate decarboxylase) (n=88; 82.24%), iss (increase 
virulence  genes  identified in  the  majority  of isolates  were malX (pathogenicity  island 
and  included sat (n=30;  28.03%), senB (n=21;19.69%),  and cnf-1 (n=9;  8.41%).  Other 
in  105  isolates  tested  (98.13%),  however  other  toxin  genes  were  less  frequently  found 
in  31  isolates  (28.97%).  The  gene  encoding  a  toxin hlyD (hemolysin  D)  was  identified 
gene  in  104  isolates  (97.19%)  and  the lpfA gene (encoding for the long polar fimbriae)
was  found.  Other  virulence  genes,  encoding   adhesins,   detected   were:   the fimH 
isolates papGII (a  P  adhesin  variant)  was  identified and  in  15  isolates (14.01%) papGIII 
be  responsible  for  P  fimbria formation  was  present  in  48  isolates.  Interestingly,  in  12 
The  presence  of   the  gene  cluster papAH (P  fimbria structural  subunits)  known  to 
adherence  protein)  (n=34;  31.77%),  and iutA (aerobactin  receptor)  (n=52;  48.59%). 
(enterobactin  siderophore  receptor  protein)  (n=23;  21.49%), iha gene  (encoding  the 
(n=78; 72.89%). Less frequently found genes involved in the uptake of iron were: iroN
(Ferrichrome receptor precursor) (n= 101; 94.39%), and fyuA (yersiniabactin receptor)
(n=105;  98.13%), fepA (ferrienterobactin  receptor  precursor)  (n=105;  98.13%), fhuA
uptake system, such as fhuE (ferrichrome receptor) (n=105;98.13%), tonB (TonB protein)
(Data Sheet S7). Most frequently virulence genes found were those involved in the iron 
with  UTIs.  In  total,  64  virulence  genes  were  investigated  among  the  analyzed  isolates
E. coli isolates were screened for the presence of virulence genes potentially associated 

Virulence Genes
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Table 3. Prevalence of  main virulence genes among E. coli isolates in relation to 
phylogenetic groups and sequence types (ST).  

aGenes most frequently found and/or associated with UTIs. bComparison of predictive 
virulence mean scores between different ST groups between phylogenetic group 1 (isolates that 
belong to phylogenetic group A or B1) and group 2 (isolates that belong to phylogenetic group 
(B2, D, or F). The statistical tests were performed using Mann-Whitney test and were considerate 
significant if p < 0.05. Abbreviations used: vs, versus; S, significant and NS, not significant. 
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Association of ST and Phylogenetic Groups with Resistance Pattern 
The majority of the MDR isolates belonged to ST131, ST648, or ST405 while most non-
MDR isolates belonged to ST69, ST10, ST73, or singleton STs. The ST131, ST648, and 
ST405 isolates also showed a higher resistance rate to other antibiotic classes as ampicillin 
and amoxicillin/clavulanate (Figure 4A). Among the singleton STs, the number of MDR 
isolates was low. The phylogenetic groups B2, D, and F were more often found to be 
resistant to ampicillin, amoxicillin/clavulanate, ciprofloxacin, and trimethoprim than 
phylogenetic groups A and B1 (Figure 4B).

Association of  ST and Phylogenetic Group with Virulence Genes 
The main six ST groups identified in this study were compared to evaluate their 
urovirulence potential, using the 64 identified virulence genes (Data Sheet S7). Based 
on the predictive virulence score (PVS) no statistically significant difference was found 
for ST131 (PVS=18.3) and ST648 (PVS=17.6) isolates compared to ST69 (PVS=17.8) 
isolates (p = 0.2444 and p = 0.9993, respectively). In contrast, the ST405 (PVS=13.0) and 
ST10 (PVS=12.7) isolates had lower PVS compared to other STs groups (p < 0.0001). 
The ST73 isolates appeared to have the highest PVS (24.0) compared to other groups 
(p < 0.0001). Interestingly, the PVS for isolates belonging to singleton ST groups scored 
slightly higher (PVS=19.0) than isolates belonging to ST131, ST648, ST405, ST69, and 
ST10 (p=0.0439). When the same analysis was performed on different phylogenetic 
groups, phylogenetic groups B2, D, and F had higher PVSs than phylogenetic groups A 
and B1 (p=0.2190), although this was not statistically significant (Table 3).        

41

prevalent STs  are indicated.
resistant to  the  indicated  antibiotic  classes  grouped  by  sequence  type  (ST). Only  the  six  most  
antibiotics  grouped  by  phylogenetic  groups  (A, B1, B2, D, or  F). (B) Percentage  of  isolates  
Figure  4.  Antibiotic  resistance  profiles. (A)  Percentage  of   isolates  resistant  to  the  indicated 
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Discussion 

In this study, a comprehensive molecular characterization of E. coli isolated from urine 
samples of  hospitalized patients in hospitals in Rio de Janeiro was performed and 
showed the presence of  successful MDR clones similar to those found in other parts 
of  the world [15]. In general, high resistance rates to antibiotics such as 
cephalosporin, aminoglycosides, fluoroquinolones and trimethoprim often used to 
treat patients with UTIs were found. The emergence of  MDR E. coli complicates the 
treatment of  UTIs and is a major concern for hospitals [32]. Our results are in 
agreement with previous reports from Brazil, showing an increase of  resistance rates of 
E. coli to aminoglycosides and fluoroquinolones [33], [34]. In addition, the resistance
rates to fosfomycin and nitrofurantoin, antibiotics used to treat uncomplicated UTIs,
were found to be low in the investigated isolates, consistent with results from previous
studies [35], [36].

In our study, 49.53% of the isolates were identified as UPEC and 9.34% were classified 
as ExPEC (non-UPEC) based on predictive virulence genes score. The other 41.13% 
could not be typed as ExPEC using this method, indicating that the predictive virulence 
genes score is not always sufficient for classification of ExPEC as has also been 
reported before [37]. In general, ExPEC can be classified into five phylogenetic 
groups, i.e., A, B (subgroups B1 and B2), D, E, and F, and the majority of  the 
isolates in our study belonged to phylogenetic groups B2 and D. Indeed, other studies, 
as the ones from Iran and China, show that human pathogenic ExPEC 
predominantly belong to these two groups [38], [39], that are also considered to be 
more virulent and more associated with infections than, e.g., phylogenetic groups A 
and B1 [40]. In our study, two isolates could not be assigned to any of the 
phylogenetic groups. This is in agreement with findings of others that assigning 
isolates to a specific phylogenetic group based on the current guidelines is not always 
possible[30]. The phylogenetic groups B2 and D were more often found to be MDR than 
the isolates of  phylogenetic groups A and B1, which is agreement with other studies[40].

In our study population, the two most frequently found E. coli lineages were ST131 
and ST69, which is in line with previous studies showing the worldwide spread of 
these STs and their association with UTIs [41], [42]. ST69 has previously been 
associated with both community acquired and healthcare associated UTIs [15] and 
appears to be frequently MDR, due to the presence of  a resistance gene cassette 
(dfrA17-aadA5) that confers resistance to aminoglycosides and trimethoprim [15]. 
Interestingly, our results showed that ST69 isolates were susceptible to 
aminoglycosides but had a high resistance rate to trimethoprim. As ST131 has 
emerged as the most prevalent high-risk lineage among 
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infections caused by E. coli (ExPEC), its high prevalence in this study is not surprising. 
Moreover, the high frequency of the O25:H4/ST131 clonal group was also similar to 
findings of others in Brazil, Lithuania and the Netherlands [14], [43], [44]. Other ST 
groups found in this study include ST648, ST405, ST73, and ST10, previously shown 
to be associated with urinary and blood-stream infections[12], [20], [41], [42], [45]. 
Interestingly, in contrast to other studies performed in the UK and Denmark, the high 
virulent lineage ST73 was found less frequently than ST10, i.e., only in 3.7 and 6.7% of 
the collected isolates, respectively [45], [46].

ESBL-producing bacterial isolates are of  great medical concern in Latin American 
countries such as   Brazil   [10],   [47].   The   majority   of    ESBL-producing   isolates   
in   this   study   carried  the blaCTX−M−15 gene, different from previous studies, in which 
blaCTX−M−2 and blaCTX−M−8 were found most frequently [10], [11]. The majority of ESBL-
producing isolates in O25:H4/ST131 clonal group were CTX-M-15 producing. The E. 
coli O25:H4/ST131 CTX-M-15 producing isolates were detected in other countries 
worldwide [48], [49] and are known to be associated with increased capacity of plasmid 
uptake which results in high plasmid diversity despite showing a similar phenotype [50]. 
In addition, the O25:H4/ST131 CTX-M-producing isolates in this study were also found 
to be resistant to gentamicin, tobramycin, and ciprofloxacin. This is similar to data 
presented in studies worldwide that showed that CTX-M-producing isolates are often 
MDR [42], [51], [52].

In general, higher resistance rates for more than three antibiotic classes were found in 
isolates belonging to ST131, ST648, and ST405. These results are in agreement with 
previous studies in the UK and Denmark that showed a broad-spectrum resistance of 
ST131 E. coli [45], [53] and that ST648 and ST405 have mobile elements containing 
genes that confer resistance to aminoglycosides, sulfonamides, and trimethoprim [21], 
[54]. In addition, the successful spread of the high-risk clone O25:H4/ST131 is largely 
responsible for the increased prevalence of  ESBL-producing isolates. Other examples 
of E. coli high-risk clones include isolates that belong to ST405 and ST648 [55], [56]. Our 
results showed that all ST131 isolates belong to phylogenetic group B2 and that all ST405 
isolates belong to phylogenetic group D. These groups, often CTX-M-ESBL producing, 
have been reported as high-risk pandemic clones [57], [58]. Patients carrying such a high-
risk isolate that easily spreads can be the cause of  outbreaks in hospital settings and 
should be put into isolation upon admission.

In contrast to findings of others who reported that ST648 isolates belong to 
phylogenetic group D [12], [59], we found that the ST648 isolates in this study belong to 
phylogenetic group B2. This classification was based on the observation that in the 
whole genomes  of our ST648 isolates  the yjaA and arpA genes were absent,
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whereas the tspE4.C2 and chuA genes were present. Therefore, they belong to 
phylogenetic group B2 based on the phylo-typing method described by [30]. In 
addition, our ST648 isolates contained a mutation (G→ C) in the primer binding site of 
primer TspE4C2.1b at the position where the most 3’ nucleotide of this primer should 
anneal. This may lead to misclassification of the isolate as belonging to phylogenetic 
group F instead of B2 when using the PCR-based method for phylo-typing described 
by Clermont et al. (2013) [30].

The results of  this study show that the majority of  O25:H4/ST131 isolates belong to 
subclone H30-R, whereas part of these isolates belong to subclone H30-Rx (classified 
as virotype C or A). The rise in fluoroquinolone resistance in the last years is associated 
with the rapid emergence of this latter subclone that is often MDR [41]. It has also 
been associated with upper UTIs and primary sepsis, and often contains the aac(6’)-Ib-
cr gene (responsible for fluoroquinolone resistance) [41]. The evolutionary history of 
sub-clone H30-Rx is unclear. The most accepted theory to explain the success of its 
emergence is that it has, as other high-risk bacterial clones, acquired certain 
adaptive traits and survival skills while acquiring antibiotic resistance and virulence 
genes located on mobile elements [55], [60]. Therefore, detailed molecular 
characterization studies are required to increase the knowledge about the evolution of 
this subclone[20], [50] and to identify specific molecular markers (including resistant/
virulence genes and/or specific plasmids) to optimize diagnostics and subsequent 
antibiotic therapy.

The pathogenicity of UPEC is based on virulence and fitness factors that allow the 
bacteria to entry, adhere, acquire essential nutrients such as iron, multiply, cause 
tissue damage, and disseminate in the urinary tract [61]. The most frequently found 
virulence genes in our isolates were associated with the iron uptake system and 
adhesins, whereas fimbriae and toxins were less frequently found. These results differ 
from previous studies where a high frequency of adhesins and toxins genes among 
UPEC isolates were found [19]. Whereas, several studies showed the association 
between the presence of  adhesins and toxins with more complex UTIs [62], [63], others 
could not correlate the presence of these virulence genes with the complexity of  UTIs 
[64], [65]. Most likely, the complexity of a UTI is defined by a combination of virulence 
genes, including those associated to the iron uptake system and adhesins. Indeed, 
efficient iron uptake is essential for the bacteria to survive and colonize in a poor iron 
environment as the urinary tract [40]. In addition, the presence of  adhesins such as afa, 
pap, sfa has been described to be important for invading urinary epithelial cells and in 
our isolates identified virulence genes cnf-1 and hlyA are essential subsequent 
dissemination [66]. Other genes frequently found in our isolates were ompT, malX, 
kpsM, and traT. These genes are common virulence genes found in isolates associated 
with cystitis and pyelonephritis [36], [65].
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diagnostic stewardship, patient treatment and infection control measures.
to characterize E. coli isolates from urine in hospitalized patients is required to optimize 
the outcome of  the disease. Therefore, standard implementation of  molecular methods 
health  authorities. Clearly,  it  has  consequences  for  the  treatment  of   the  patients  and 
of  high concern for  health  care  institutions  and  requires  more  attention  from  the 
virulence genes. The presence of  highly virulent and MDR E. coli in Brazilian hospitals is 
that  mainly belong  to  phylogenetic  group  B2,  D  and F,  containing  a  high  number  of 
isolates. This  result  is  associated  with  the  presence  of   high-risk  clones,  often  MDR, 
the antibiotic  resistance  rate  was  high,  as  was  the  prevalence  of   ESBL-producing 
the most prevalent clonal groups reported worldwide. Among the investigated isolates 
samples  obtained  from  patients  in  Rio  de  Janeiro.  The  identified  STs  belonged  to 
In  conclusion,  a  large  diversity  of E.  coli isolates  causing  UTIs  was  found  in  urine 

virulence capacity [53].
form a double threat, because of their high resistance rate and substantial extraintestinal 
belonging to phylogenetic group B2 and clonal group O25:H4/ST131 are considered to 
globally causing MDR resistant extraintestinal infections [56]. Therefore, MDR isolates 
coli ST73 to be a high virulent clone [67]. In addition, ST131-B2 strains have emerged 
other investigated groups. This is in agreement with findings of others that described E. 
ST1703, ST405, and ST648 was similar. ST73 isolates had a higher PVS compared to the 
by  group D  and F.  In  addition,  their  prevalence  among  sequence  types  ST131,  ST69, 
Overall, in our study, virulence genes were most prevalent among B2 isolates, followed 
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x0015 141 92990 4841209 285520 518 1710D PRJEB23420 ERS2020078 ERA1143696 

0107D 143 151785 5365093 491119 516 1825 PRJEB23420 ERS2020079 ERA1143697 

1186 130 89704 5026055 507541 1059 1843 PRJEB23420 ERS2020080 ERA1143698 

1294D 361 144682 144682 359878 1021 2102 PRJEB23420 ERS2020081 ERA1143699 

1469B 116 83967 4569538 224081 1023 x2192 PRJEB23420 ERS2020082 ERA1143700 

1643 108 240443 5481917 406261 1008 2206 PRJEB23420 ERS2020083 ERA1143701 

1710D 107 204770 5342488 653751 507 2357 PRJEB23420 ERS2020084 ERA1143702 

1825 89 127356 4835715 323800 1150 x2441 PRJEB23420 ERS2020085 ERA1143703 

1843 188 81258 5433475 210904 506 2445A PRJEB23420 ERS2020086 ERA1143704 

2102 356 158991 5588493 592071 1015 2478 PRJEB23420 ERS2020087 ERA1143705 

x2192 127 87762 4947301 282311 509 2723A PRJEB23420 ERS2020088 ERA1143706 

2206 161 77311 5194949 229527 1088 x2724 PRJEB23420 ERS2020089 ERA1143707 

2357 92 154515 4847272 570443 524 2877 PRJEB23420 ERS2020090 ERA1143708 

x2441 207 58495 5217376 176024 506 x2986 PRJEB23420 ERS2020091 ERA1143709 

2445A 95 136722 5290844 309906 1065 2993 PRJEB23420 ERS2020092 ERA1143710 

2478 71 249190 4983630 539229 1091 3052 PRJEB23420 ERS2020093 ERA1143711 

2685 747 22306 6523090 97859 1007 3188B PRJEB23420 ERS2020094 ERA1143712 

2723A 68 372798 5091748 701944 560 3218 PRJEB23420 ERS2020095 ERA1143714 

x2724 165 85262 5122799 264921 505 3327D PRJEB23420 ERS2020185 ERA1143715 

2877 93 131595 5116910 259030 1259 3397 PRJEB23420 ERS2020186 ERA1143716 

x2986 201 71061 5430048 284351 630 3528 PRJEB23420 ERS2020187 ERA1143718 

2993 112 135731 5261923 331540 633 3542 PRJEB23420 ERS2020188 ERA1143719 

3052 90 229983 5059685 419844 1024 3781 PRJEB23420 ERS2020189 ERA1143720 

3188B 92 107015 4806348 287304 1043 3921 PRJEB23420 ERS2020190 ERA1143721 
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3218 117 124041 5060063 256797 1071 4006 PRJEB23420 ERS2020191 ERA1143722 

3327D 46 292666 4823689 677276 1130 4199 PRJEB23420 ERS2020192 ERA1143724 

3397 123 81003 4554084 187908 1176 421 PRJEB23420 ERS2020193 ERA1143725 

3528 73 157677 5052626 596195 1030 4233 PRJEB23420 ERS2020194 ERA1143726 

3542 440 74265 5551472 232183 1013 4438 PRJEB23420 ERS2020195 ERA1143727 

3781 59 148114 4525968 475662 1005 4953 PRJEB23420 ERS2020196 ERA1143728 

3921 839 148885 4923653 360190 47 5038 PRJEB23420 ERS2020197 ERA1143729 

4006 76 298279 5013339 454428 516 5080A PRJEB23420 ERS2020198 ERA1143730 

4199 99 119278 4721776 409979 1057 5217 PRJEB23420 ERS2020199 ERA1143731 

4233 80 222137 5088401 531380 1068 5306 PRJEB23420 ERS2020200 ERA1143732 

4438 27 614835 4671116 1191514 1044 5332 PRJEB23420 ERS2020201 ERA1143733 

4953 132 89996 5234735 315521 1000 5361 PRJEB23420 ERS2020202 ERA1143734 

5038 113 113201 5029953 511017 1058 5420 PRJEB23420 ERS2020203 ERA1143735 

5080A 132 110633 5078624 379572 592 5551 PRJEB23420 ERS2020204 ERA1143736 

5217 129 111271 5023053 303742 1090 5566 PRJEB23420 ERS2020205 ERA1143737 

5306 92 137702 4782575 428111 512 5593 PRJEB23420 ERS2020206 ERA1143738 

5332 56 319509 5113333 647934 1016 x5770d PRJEB23420 ERS2020207 ERA1143739 

5361 45 307568 4920806 713163 1041 5848 PRJEB23420 ERS2020238 ERA1143741 

5391 285 85699 9962127 463135 1021 5976 PRJEB23420 ERS2020239 ERA1143742 

5420 85 225958 5169854 708320 507 6019 PRJEB23420 ERS2020240 ERA1143743 

5551 68 280557 4884208 623565 546 6022 PRJEB23420 ERS2020241 ERA1143744 

5566 81 162141 5137768 454510 1093 605 PRJEB23420 ERS2020242 ERA1143745 

5593 97 148886 5232972 404959 572 x6050 PRJEB23420 ERS2020243 ERA1143746 

x5770d 119 204399 5341829 653549 507 6077 PRJEB23420 ERS2020244 ERA1143747 

5848 67 246110 5122092 473962 1469 6161 PRJEB23420 ERS2020245 ERA1143749 

5976 81 229775 5219823 709779 525 6202 PRJEB23420 ERS2020246 ERA1143750 

6019 517 174713 5361997 436338 1004 6419 PRJEB23420 ERS2020247 ERA1143751 

6022 111 143789 5389308 403045 1008 6492 PRJEB23420 ERS2020248 ERA1143752 

x6050 126 120506 5138938 270501 519 6632D PRJEB23420 ERS2020249 ERA1143753 

6077 67 147514 4803109 480473 1171 x6638 PRJEB23420 ERS2020250 ERA1143754 

6161 100 120130 5118587 244208 1458 666 PRJEB23420 ERS2020251 ERA1143755 

6202 77 221278 5178347 376593 511 6743 PRJEB23420 ERS2020252 ERA1143756 

6419 55 258074 4708666 501672 1577 6856 PRJEB23420 ERS2020253 ERA1143757 

6492 71 229839 5181323 693259 1009 7002 PRJEB23420 ERS2020254 ERA1143758 

6632D 120 95876 4861712 267053 515 7018 PRJEB23420 ERS2020255 ERA1143759 

x6638 147 95106 5128190 320024 521 7019 PRJEB23420 ERS2020256 ERA1143760 

6743 136 141787 5138743 307374 1003 7022 PRJEB23420 ERS2020257 ERA1143761 

6856 78 159856 5102692 435480 1062 7078 PRJEB23420 ERS2020258 ERA1143762 

7002 130 142879 5365225 403045 1093 708 PRJEB23420 ERS2020259 ERA1143763 
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Supplementary material: S.3. Complete list of  resistance and virulence genes 
investigated in the chapter 2.  

Resistance genes 
investigateda

Virulence genes investigated using CLC

Beta-lactam Sulphoonamide Gene Description Acession number

blaACT-16 sul1 fimH ENA|AF089840

blaTEM-1C sul2 papAH ENA|AM690765

blaTEM-1A sul3 papGII P adhesin variant ENA|AAP48795

blaTEM-1B Phenicol afa operon afa operon ENA|FM955459

blaCMY-2 catB4 focA ENA|AF298200

blaCTX-M-3 catB3 focG ENA|AAB20438

blaCTX-M-2 cat(pC221) lpfA Long polar fimbriae ENA|AB161111

blaCTX-M-8 catA1 nfaE ENA|AH004279

blaCTX-M-14 cmlA1 sfaS ENA|ABE06598

blaCTX-M-1 floR bmaE ENA|M15677

blaCTX-M-15 Tetracycline papGIII P adhesin variant ENA|AAP48797

blaSHV-2 tet(A) iha Bifunctional enterobactin recep-
tor/adhesin protein

ENA|AAT68782

blaKPC-2 tet(B) ireA Siderophore receptor ENA|AAK49483

blaOXA-1 Macrolide iroN Enterobactin siderophore receptor 
protein

ENA|AF135597

Quinolone erm(B) fyuA Yersiniabactin receptor ENA|AAP70282

QnrB19 mph(B) fhuA Ferrichrome receptor precursor NC-
BI|NC_000913.3

qepA mph(A) fhuE FhuE receptor precursor NC-
BI|NC_000913.3

QnrB2 Rifampicin irp2 Yersiniabactin biosynthetic protein ENA|ASI49165

QnrB1 ARR-3 tonB TonB protein NC-
BI|NC_000913.3

Fosfomycin Trimethroprim sat Secreted autotransporter toxin ENA|AF289092

fosA dfrA5 cnf1 Cytotoxic necrotizing factor ENA|AAA85196

fosA3 dfrA1 hlyA hemolysin A ENA|AKN56575

Aminoglycosideos dfrA8 hlyF hemolysin F ENA|AF155222

aadA5 dfrA25 hlyD hemolysin D ENA|CAA74193

aadA1 dfrA14 cdtA Partial cytolethal distending toxin A ENA|ABM10846

aadA2 dfrA12 iss Increased serum survival ENA|DQ299398

strA dfrA17 pic Pic Serine protease precursor ENA|AF097644
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Diffuse adherence fibrillar adhesin 

S-fimbrial minor subunit

Blood group M specific adhesin



strB tsh Temperature-sensitive haemag-
glutinin

ENA|AAA24698

aph(3')-la usp ENA|AB027193

aac(3)-Vla traT Serum ressitance outer membrane 
protein

NCBI|NC_014615.1

aph(3')-Vla cvaC Colicin V precursor ENA|JN704073

aac(3)IId ompT Outer membrane protease ENA|AAY89712

aac(3)IIa malX Pathogenecity island marker ENA|AF003742

Fluoroquinolone 
and aminoglycoside 
resistance

kpsM Capsule transport proteins ENA|AAC38078

aac(6')Ib-cr rfc O4 antigen polymerase ENA|AAC43898

ibeA Invasion of  brain endothelium ENA|AY248744
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Supplementary material: S.4. Complete list of isolates showing their phyloge-
netic groups, serotypes, ST types, presence of specific virulence genes used 
to typing, pathotypes and gender of the patients.  
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5332 ST131 O25:H4 Female chuA, yjaA and 
tspE4.C2 B2 3  fyuA, chuA, and yfcV UPEC

7018 ST131 O25:H4 Male chuA, yjaA and 
tspE4.C2 B2 3  fyuA, chuA, and yfcV UPEC

7104 ST131 O25:H4 Female chuA, yjaA and 
tspE4.C2 B2 3  fyuA, chuA, and yfcV UPEC

9260 ST131 O25:H4 Male chuA, yjaA and 
tspE4.C2 B2 3  fyuA, chuA, and yfcV UPEC

3218 ST131 O25:H4 Male chuA, yjaA and 
tspE4.C2 B2 3  fyuA, chuA, and yfcV UPEC

  9581A ST131 O25:H4 Female chuA, yjaA and 
tspE4.C2 B2 3  fyuA, chuA, and yfcV UPEC

x5770d ST131 O25:H4 Female chuA, yjaA and 
tspE4.C2 B2 3  fyuA, chuA, and yfcV UPEC

x6638 ST131 O25:H4 Male chuA, yjaA and 
tspE4.C2 B2 3  fyuA, chuA, and yfcV UPEC

1294D ST131 O25:H4 Female chuA, yjaA and 
tspE4.C2 B2 3  fyuA, chuA, and yfcV UPEC

2102 ST131 O25:H4 Female chuA, yjaA and 
tspE4.C2 B2 3  fyuA, chuA, and yfcV UPEC

1710D ST131 O25:H4 Female chuA, yjaA and 
tspE4.C2 B2 3  fyuA, chuA, and yfcV UPEC

9533D ST131 O25:H4 Female chuA, yjaA and 
tspE4.C2 B2 3  fyuA, chuA, and yfcV UPEC

3528 ST131 O25:H4 Female chuA, yjaA and 
tspE4.C2 B2 3  fyuA, chuA, and yfcV UPEC

7078 ST131 O25:H4 Female chuA, yjaA and 
tspE4.C2 B2 3  fyuA, chuA, and yfcV UPEC

9893 ST131 O25:H4 Female chuA, yjaA and 
tspE4.C2 B2 3  fyuA, chuA, and yfcV UPEC

7974 ST131 O25:H4 Female chuA, yjaA and 
tspE4.C2 B2 3  fyuA, chuA, and yfcV UPEC

4233 ST131 O25:H4 Female chuA, yjaA and 
tspE4.C2 B2 3  fyuA, chuA, and yfcV UPEC

5420 ST131 O25:H4 Female chuA, yjaA and 
tspE4.C2 B2 3  fyuA, chuA, and yfcV UPEC

2478 ST131 O16:H5 Female chuA, yjaA and 
tspE4.C2 B2 3  fyuA, chuA, and yfcV UPEC

4006 ST131 O16:H5 Female chuA, yjaA and 
tspE4.C2 B2 3  fyuA, chuA, and yfcV UPEC

5976 ST131 O25:H4 Female chuA, yjaA and 
tspE4.C2 B2 3  fyuA, chuA, and yfcV UPEC
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2206 ST131 O25:H4 Female chuA, yjaA and 
tspE4.C2 B2 3  fyuA, chuA, and yfcV UPEC

8565 ST131 O25:H4 Female chuA, yjaA and 
tspE4.C2 B2 3  fyuA, chuA, and yfcV UPEC

x2724 ST131 O25:H4 Female chuA, yjaA and 
tspE4.C2 B2 3  fyuA, chuA, and yfcV UPEC

6202 ST131 O25:H4 Female chuA, yjaA and 
tspE4.C2 B2 3  fyuA, chuA, and yfcV UPEC

5848 ST131 O25:H4 Female chuA, yjaA and 
tspE4.C2 B2 3  fyuA, chuA, and yfcV UPEC

 2445A ST69 O17/O44:H18 Female chuA and arpA 
(ArpAgpE-) D 2 papAH and iut ExPEC

605 ST69 O17/O77:H18 Female chuA and arpA 
(ArpAgpE-) D 2 papAH and iut ExPEC

7719 ST69 O17/O77:H18 Female chuA and arpA 
(ArpAgpE-) D 2 fyuA and chuA Escherichia coli

864 ST69 O15:H18 Female chuA and arpA 
(ArpAgpE-) D 2 fyuA and chuA Escherichia coli

x2441 ST69 O17/O77:H18 Male chuA and arpA 
(ArpAgpE-) D 3 papAH, KpsmII and iut ExPEC

666 ST69 O15:H2 Female chuA and arpA 
(ArpAgpE-) D 3 papAH, KpsmII and iut ExPEC

 9715 ST69 O25:H18 Female chuA and arpA 
(ArpAgpE-) D 2 papAH and iut ExPEC

108 ST69 O45:H45 Female chuA and arpA 
(ArpAgpE-) D 3 papAH, KpsmII and iut ExPEC

4953 ST69 O17/O44:H18 Male chuA and arpA 
(ArpAgpE-) D 2  KpsmII and iut ExPEC

2993 ST648 O1:H6 Male chuA and tspE4.C2 B2 3  fyuA, chuA, and yfcV UPEC

1843 ST648 O1:H6 Female chuA and tspE4.C2 B2 3  fyuA, chuA, and yfcV UPEC

0107D ST648 O1:H6 Female chuA and tspE4.C2 B2 3  fyuA, chuA, and yfcV UPEC

x2986 ST648 O1:H6 Male chuA and tspE4.C2 B2 3  fyuA, chuA, and yfcV UPEC

7002 ST648 O1:H6 Female chuA and tspE4.C2 B2 3  fyuA, chuA, and yfcV UPEC

6022 ST648 O1:H6 Female chuA and tspE4.C2 B2 3  fyuA, chuA, and yfcV UPEC

3188B ST10 O9:H12 Female arpA and yjaA A 1 fyuA Escherichia coli

8200 ST10 O12:H4 Female arpA and yjaA A 3 papAH, KpsmII and iut ExPEC

x0015 ST10 O107:H54 Female arpA and yjaA A 0 Escherichia coli

6077 ST10 O9:H9 Female arpA and yjaA A 0 Escherichia coli

9733D ST10 O128ab:H10 Female arpA and yjaA A 1 fyuA Escherichia coli

5217 ST10 O89:H10 Female arpA and yjaA A 0 Escherichia coli

8874 ST10 O9:H9 Female arpA and yjaA A 1 papAH Escherichia coli

9749A ST1703 O15:H11 Male arpA and yjaA A 0 Escherichia coli

7198 ST1703 O15:H11 Male arpA and yjaA A 0 Escherichia coli

 421 ST1703 O15:H11 Male arpA and yjaA A 0 Escherichia coli

3052 ST73 O22:H1 Male chuA, yjaA and 
tspE4.C2 B2 4 vat, fyuA, chuA, 

and yfcV UPEC

9492 ST73 O6:H1 Female chuA, yjaA and 
tspE4.C2 B2 4 vat, fyuA, chuA, 

and yfcV UPEC

7348 ST73 O6:H1 Female chuA, yjaA and 
tspE4.C2 B2 4 vat, fyuA, chuA, 

and yfcV UPEC

2723A ST73 O6:H1 Female chuA, yjaA and 
tspE4.C2 B2 3  fyuA, UPEC
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x6050 ST405 O102:H6 Male chuA and arpA 
(ArpAgpE-) D 1  KpsmII Escherichia coli

9602 ST405 O102:H6 Male chuA and arpA 
(ArpAgpE-) D 1  KpsmII Escherichia coli

6161 ST405 O102:H6 Male chuA and arpA 
(ArpAgpE-) D 1  KpsmII Escherichia coli

2877 ST405 O102:H6 Male chuA and arpA 
(ArpAgpE-) D 1  KpsmII Escherichia coli

9137 ST744 O89:H10 Female arpA and yjaA A 1  KpsmII Escherichia coli

7500 ST744 O89:H10 Female arpA and yjaA A 0 Escherichia coli

8139 ST744 O89:H10 Male arpA and yjaA A 0 Escherichia coli

6856 ST354 O no found. 
:H34 Male chuA F 1  KpsmII Escherichia coli

5566 ST354 O11:H4 Female chuA F 3  fyuA, chuA, and yfcV UPEC

1643 ST354 O25:H34 Female chuA F 0 Escherichia coli

7266 ST641 O no found. 
:H34 Female tspE4.C2 and arpA B1 1 fyuA Escherichia coli

7022 ST641 O30:H25 Male tspE4.C2 and arpA B1 0 Escherichia coli

5306 ST641 O30:H25 Female tspE4.C2 and arpA B1 0 Escherichia coli

9319D ST135 O83:H1 Female chuA, yjaA and 
tspE4.C2 B2 4 vat, fyuA, chuA, 

and yfcV UPEC

4438 ST135 O83:H1 Female chuA, yjaA and 
tspE4.C2 B2 4 vat, fyuA, chuA, 

and yfcV UPEC

708 ST224 O163:H23 Female tspE4.C2 and arpA B1 0 Escherichia coli

5361 ST224 O8:H23 Female tspE4.C2 and arpA B1 0 Escherichia coli

5080A ST1193 O75:H5 Female chuA, yjaA and 
tspE4.C2 B2 3  fyuA, chuA, and yfcV UPEC

8811D ST1193 O75:H5 Female chuA, yjaA and 
tspE4.C2 B2 3  fyuA, chuA, and yfcV UPEC

3542 ST93 O7:H4 Female
tspE4.C2, chuA 
and arpA (D 
or E?)

not 
identi-
fied

3 papAH, KpsmII 
and iut ExPEC

1825 ST93 O7:H4 Female arpA A 0 Escherichia coli

6632D ST453 O23:H16 Female tspE4.C2 and arpA B1 1 fyuA Escherichia coli

x2192 ST453 O23:H16 Female tspE4.C2 and arpA B1 1 KpsmII Escherichia coli

9668 ST297 O86:H49 Female tspE4.C2 and chuA B2 1 chuA Escherichia coli

3921 ST101 O21:H21 Female tspE4.C2 and arpA B1 0 Escherichia coli

9097 ST95 O50/O2:H7 Male chuA, yjaA and 
tspE4.C2 B2 4 vat, fyuA, chuA, 

and yfcV UPEC

3397 ST46 O9:H4 Male arpA A 0 Escherichia coli

7441 ST414 O50/O2:H6 Male chuA, yjaA and 
tspE4.C2 B2 4 vat, fyuA, chuA, 

and yfcV UPEC

6419 ST676 O16:H5 Female chuA, yjaA and 
tspE4.C2 B2 4 vat, fyuA, chuA, 

and yfcV UPEC

9646 ST167 O89:H9 Female arpA and yjaA A 1 fyuA Escherichia coli

1469B ST617 O neg. :H9 Female arpA and yjaA A 1 fyuA Escherichia coli

7019 ST420 O134:H31 Female chuA and tspE4.C2 B2 4 vat, fyuA, chuA, 
and yfcV UPEC

x7167 ST1431 O8:H19 Male tspE4.C2 and arpA B1 1 iutA Escherichia coli

663 ST4238 O no found. 
:H34 Female arpA and yjaA A 1 iutA Escherichia coli
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9307 ST91 O39:H4 Male chuA, yjaA and 
tspE4.C2 B2 4 vat, fyuA, chuA, 

and yfcV UPEC

2357 ST2016 O no found. 
:H34 Female tspE4.C2 and arpA B1 0 Escherichia coli

7136 ST1236 O4:H6 Male chuA, yjaA and 
tspE4.C2 B2 4 vat, fyuA, chuA, 

and yfcV UPEC

4199 ST48 O62:H5 Female arpA and yjaA A 0 Escherichia coli

9168 ST127 O6:H31 Female chuA, yjaA and 
tspE4.C2 B2 4 vat, fyuA, chuA, 

and yfcV UPEC

6743 ST550 O75:H5 Female chuA, yjaA and 
tspE4.C2 B2 4 vat, fyuA, chuA, 

and yfcV UPEC

3781 ST5394 O55:H34 Female chuA and yjaA B2 2 papAH and iut ExPEC

5593 ST38 O86:H18 Female chuA and arpA 
(ArpAgpE-) D 2 fyuA and chuA Escherichia coli

3327D ST372 O18ac:H31 Male chuA, yjaA and 
tspE4.C2 B2 4 vat, fyuA, chuA, 

and yfcV UPEC

9562 ST155 O86:H51 Male tspE4.C2 and arpA B1 0 Escherichia coli

1186 ST44 O89:H4 Female arpA and yjaA A 1 iutA Escherichia coli

5038 ST58 O8:H25 Female tspE4.C2 and arpA B1 1 iutA Escherichia coli

5551 ST156 O51:H40 Female tspE4.C2 and arpA B1 1 fyuA Escherichia coli

6019 ST2280 O185:H16 Female tspE4.C2 and arpA B1 0 Escherichia coli

6492 ST12 O4:H5 Male chuA and yjaA B2 4 vat, fyuA, chuA, 
and yfcV UPEC

7518 ST62 O7:H45 Female chuA F 3 fyuA, chuA, and yfcV UPEC

9838 ST362 O15:H1 Female
tspE4.C2, chuA 
and arpA (D 
or E?)

not 
identi-
fied

2 vat, chuA Escherichia coli

8733D ST1317 O no found. 
:H34 Female chuA, yjaA and 

tspE4.C2 B2 4 vat, fyuA, chuA, 
and yfcV UPEC

aVirulence genes found during the identification of phylogenetic groups, bvirulence genes found 
during the identification of E.coli pathotypes, cpredictive genes score.
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Supplementary material: S.5. Resistance genes identified in all the isolates 
(the red hits indicated the presence of genes).   
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 Supplementary Material 

Supplementary material: S.6. Schema for definition of ST131 virotypes 
amd virotypes distribution among our isolates.    

Virulence-gene scheme for defining ST131 virotypes
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C1 − − − + − − − − − − − + −

C2 − − − + − − − − − − − − +

C3 − − − + − − − − − − − − −

D1 − − +/− − + − − − − + − − +

D2 − − +/− − + − + − − + − − +

D3 +/− +/− +/− +/− + − − − − − − − +

D4 − − +/− − + − − − − − + − −

D5 − − +/− − + − + + + − − − +

E − − − + − + − + + − − − +

F − − − + − + − − − − − − +
Note: afa/draBC (Afa/Dr adhesins), afa operon FM955459, iroN (catecholate siderophore recep-
tor), sat (secreted autotransporter toxin), ibeA(invasion of  brain endothelium), papG II (allele II of  
papG gene), papG III  
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Virotypes distribution in ST131 isolates
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5332 fimH22 O25:H4 neg neg pos neg pos neg neg neg neg neg pos pos neg D

7018 fimH30 O25:H4 pos pos neg pos neg neg neg neg neg neg neg pos neg A

7104 fimH30 O25:H4 neg neg neg pos neg neg neg neg neg neg neg neg pos C2

9260 fimH30 O25:H4 neg neg neg pos neg pos neg pos neg neg neg pos neg C

3218 fimH30 O25:H4 neg neg neg pos neg neg neg neg neg neg neg neg pos C2

 9581A fimH30 O25:H4 neg neg neg pos neg pos neg pos neg neg neg pos neg C

x5770d fimH30 O25:H4 neg neg neg pos neg pos neg pos neg neg neg pos neg C

x6638 fimH30 O25:H4 pos pos neg pos neg neg neg neg neg neg neg pos neg A

1294D fimH30 O25:H4 neg neg pos pos neg neg neg neg neg neg neg neg pos B

2102 fimH30 O25:H4 pos pos neg pos neg neg neg neg neg neg neg pos neg A

1710D fimH30 O25:H4 neg neg neg pos neg pos neg pos neg neg neg neg pos C

9533D fimH30 O25:H4 neg neg neg pos neg pos neg pos neg neg neg pos neg C

3528 fimH30 O25:H4 neg neg neg pos neg neg neg neg neg neg neg neg pos C2

7078 fimH30 O25:H4 neg neg neg pos neg neg neg neg neg neg neg neg neg C3

9893 fimH30 O25:H4 neg neg neg pos neg neg neg neg neg neg neg neg pos C2

7974 fimH30 O25:H4 neg neg neg neg pos neg neg neg neg neg neg pos neg D

4233 fimH30 O25:H4 neg neg neg neg neg neg neg neg neg neg neg neg neg D

5420 fimH30 O25:H4 pos pos neg pos neg neg neg neg neg neg neg pos neg A

2478 fimH41 O16:H5 pos pos neg neg neg neg neg neg neg neg neg pos neg A

4006 fimH41 O16:H5 pos pos neg neg neg neg neg neg neg neg neg pos neg A

5976 fimH30 O25:H4 neg neg neg pos neg neg neg neg neg neg neg neg neg C3

2206 fimH30 O25:H4 pos pos neg pos neg neg neg neg neg neg neg pos neg A

8565 fimH30 O25:H4 neg neg neg pos neg neg neg neg neg neg neg neg neg C3

x2724 fimH30 O25:H4 neg neg neg pos neg neg neg neg neg neg neg neg pos C2

6202 fimH30 O25:H4 neg neg neg pos neg neg neg neg neg neg neg neg pos C2

5848 fimH22 O25:H4 neg neg pos neg pos neg neg neg neg neg pos pos neg D

  Note: pos (positive) and  neg (negative); Some isolates were’nt possible to subtyping 
according with Dahbi et al., 2014 were just typing according Blanco et al, 2014
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Supplementary material: S.7. Virulence genes investigated in all isolates (the 
black hits indicate the presence of  genes).    
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Supplementary material: S.8 Comparison between frequencies of phenotypic 
and genotypic resistance profiles, complete list of STs and comparison of 
phenotypic resistance profile between different STs and phylogenetic groups.

Resistance profile MLST

Profile Percentage 
(%)

MLST Percentage (%)

MDR 66 61,68 ST131 26 24,07

MDR (Non-ESBL) 30 28,04 ST69 9 8,33

ESBL 31 28,97 ST648 6 5,56

E-CP 5 4,67 ST10 7 6,48

Resistance to >3 16 14,95 ST1703 3 2,78

Fully sensitive 25 23,36 ST73 4 3,7

Total 107 99,99 ST405 4 3,7

ST744 3 2,78

Antimicrobial class No of  
isolates

Percentage 
(%)

ST354 3 2,78

Aminoglycosides 50 46,72 ST641 3 2,78

Trimethroprim 52 48,59 ST135 2 2,78

Fluroquinolones 56 52,33 ST224 2 1,85

Piperacilin/Tazobactan 14 13,08 ST1193 2 1,85

Trimethroprim/Sulfameth-
azaxole

48 44,85 ST93 2 1,85

Nitrofurantoin 4 3,73 ST453 2 1,85

69
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Resistance genotypea

genes No of  isolates Percentage (%)

blaCTX-M-15 17 15,88
blaCTX-M-14 3 2,08
blaCTX-M-8 5 4,67
blaCTX-M-3 1 0,93
blaCTX-M-2 4 3,73
blaCTX-M-1 1 0,93
blaTEM1A 15 14,01
blaTEM1B 48 44,85
blaTEM1C 7 6,54
blaKPC-2 9 8,41
blaCMY-2 2 1,86
blaOXA-1 15 14,01
blaSHV-2 1 0,93

 aThe percentage were calculate considering 107 isolates as total number  

Serotype
Serotype No of  isolates Percentage (%)
O25:H4 24 22,43
O16:H5 3 2,8

O17/O44:H18 2 1,87
O17/O77:H18 3 2,8

O1:H6 6 5,61
O15:H11 3 2,8
O9:H9 2 1,87

O89:H10 4 3,74
O15:H11 3 2,8
O6:H1 3 2,8

O102:H6 4 3,74
O30:H25 2 1,87
O83:H1 2 1,87
O75:H5 3 2,8
O7:H4 3 2,8

O23:H16 2 1,87
Singleton serotypes 32 29,91
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MLST
MLST No of  isolates Percentage (%)

ST131 26 24,07
ST69 9 8,33
ST648 6 5,56
ST10 7 6,48
ST1703 3 2,78
ST73 4 3,7
ST405 4 3,7
ST744 3 2,78
ST354 3 2,78
ST641 3 2,78
ST135 2 2,78
ST224 2 1,85
ST1193 2 1,85
ST93 2 1,85
ST453 2 1,85
Singleton ST's 29 26,85
Total 107

Singleton ST's
ST297 1
ST101 1
ST95 1
ST46 1
ST414 1
ST676 1
ST167 1
ST617 1
ST420 1
ST1431 1
ST4238 1
ST91 1
ST2016 1
ST1236 1
ST48 1
ST127 1
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ST550 1
ST5394 1

ST38 1

ST372 1
ST155 1
ST44 1
ST2530 1
ST58 1
ST156 1
ST2280 1
ST12 1
ST62 1
ST362 1
ST1317 1

Phylogenetic groups
Groups No of isolates Percentage (%)

A 20 18,69
B1 14 13,08
B2 53 49,53
D 14 13,08
F 4 3,74

unidentified 2 1,87
Total 107
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Porcentage of  isolates resiatant to different groupsb.
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B2 73,58 65,75 18,45 25,9 37 53,68 44,36 44,36

D 77.7 55.5 11.1 22.2 22.2 44.4 50 50
A 65 35 0 5 5 40 45 35
B1 64.2 57.1 14.2 14.2 7.1 57.1 50 42.8
F 75 75 0 25 50 75 75 75

Porcentage of  isolates resiatant to different groupsb.
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ST131 96,29 94,37 22,14 42,3 57,77 72,22 52,96 48,14
ST648 100 100 60 25 60 100 75 75
ST450 100 75 0 0 50 50 75 45
ST69 70 15 0 0 0 10 25 60
ST73 28 20 0 0 25 22 15 20
ST10 50 0 0 0 0 0 0 0

bPercentage of isolates resistance by groups, the percenteges were calculate 

considering the total of isolates in each group.
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Beta lactam antibiotics

Isolates ID

bla
TE

M
-1

B

bla
TE

M
-1

A

bla
TE

M
-1

C

bla
CT

X
-M

-1
5

bla
CT

X
-M

-1
4

bla
O

X
A

-1

bla
CT

X
-M

-2
7

bla
KP

C-
2

bla
CM

Y-
2

bla
CT

X
-M

-8

bla
CT

X
-M

-3

bla
SH

V
-2

bla
CT

X
-M

-1

bla
CT

X
-M

-2

Pr
ofi

le

ST

5332 0 0 0 0 0 0 0 0 1 0 0 0 0 0 ESBL

ST
13

1

7018 0 0 0 0 0 1 0 0 0 0 0 0 0 0

7104 0 0 0 0 0 0 0 1 0 0 0 0 0 0 CP

9260 0 0 0 1 0 0 0 0 0 0 0 0 0 0 ESBL

3218 0 0 0 0 0 0 0 1 0 0 0 0 0 0 CP

9581A 1 0 0 1 0 1 0 0 0 0 0 0 0 0 ESBL

x5770d 1 0 0 1 0 1 0 0 0 0 0 0 0 0 ESBL

x6638 0 0 0 1 0 1 0 0 0 0 0 0 0 0 ESBL

1294D 1 0 0 0 0 0 0 1 0 0 0 0 0 0

2102 0 0 0 1 0 1 0 0 0 0 0 0 0 0 ESBL

1710D 1 0 0 1 0 1 0 0 0 0 0 0 0 0 ESBL

9533D 1 0 0 1 0 1 0 0 0 0 0 0 0 0 ESBL

3528 1 0 0 0 0 0 0 0 0 0 0 0 0 0

7078 1 0 0 0 0 0 0 0 0 0 0 0 0 0

9893 0 0 0 0 0 0 0 1 0 0 0 0 0 0 CP

7974 0 0 0 0 0 0 0 0 0 0 0 0 0 1 ESBL

4233 1 0 0 0 0 0 0 1 0 0 0 0 0 0 CP

5420 0 0 0 1 0 1 0 0 0 0 0 0 0 0 ESBL

2478 1 0 0 0 0 0 0 0 0 0 0 0 0 0

4006 1 0 0 0 0 0 0 0 0 0 0 0 0 0

5976 1 0 0 0 0 0 0 0 0 0 0 0 0 0 ESBL

2206 0 0 0 1 0 1 0 1 0 0 0 0 0 0

8565 1 0 0 0 0 0 0 0 0 0 0 0 0 0

x2724 1 0 0 0 0 0 0 0 0 0 0 0 0 0

6202 1 0 0 0 0 0 0 0 0 0 0 0 0 0

5848 0 0 0 0 0 0 0 0 1 0 0 0 0 0 ESBL
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absence
in red with the  number 1 represents presence of  the gene, and 0 represents 
bla genes (in yellow), and the negative strains without bla genes (white). Thehits 
phenotypically  positive isolates (in orange) and negative strains that presented 
corresponding genes, the table is divided by ST types, showing the isolates
Supplementary material: S.9 Complete list with ESBL-producing isolates and 
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2445A 1 0 0 0 0 0 0 0 0 0 0 0 0 0

ST
69

605 1 0 0 0 0 0 0 0 0 1 0 0 0 0 ESBL

7719 0 0 0 0 0 0 0 0 0 0 0 0 0 0

864 0 0 0 0 0 0 0 0 0 0 0 0 0 0

x2441 1 0 0 0 0 0 0 0 0 0 0 0 0 0

 666 1 0 0 0 0 0 0 0 0 0 0 0 0 0

 9715 0 0 0 0 0 0 0 0 0 0 0 0 0 0

108 1 0 0 0 0 0 0 0 0 0 0 0 0 0

4953 1 0 0 0 0 0 0 0 0 0 0 0 0 0

2993 1 0 0 0 0 0 0 0 0 0 1 0 0 0 ESBL

ST
64

8

1843 0 0 1 1 0 1 0 0 0 0 0 0 0 0 ESBL

0107D 0 1 0 0 0 0 0 0 0 0 0 0 0 0

x2986 0 0 1 1 0 1 0 0 0 0 0 0 0 0 ESBL

7002 0 0 0 1 0 1 0 0 0 0 0 0 0 0 ESBL

6022 0 0 0 1 0 1 0 0 0 0 0 0 0 0 ESBL

3188B 1 0 0 0 0 0 0 0 0 0 0 0 0 0

ST
10

8200 0 0 0 0 0 0 0 0 0 0 0 0 0 0

x0015 0 0 0 0 0 0 0 0 0 0 0 0 0 0

6077 1 0 0 0 0 0 0 0 0 0 0 0 0 0

9733D 0 0 0 0 0 0 0 0 0 0 0 0 0 0

5217 1 0 0 0 0 0 0 0 0 0 0 1 0 0

8874 1 0 0 0 0 0 0 0 0 0 0 0 0 0

9749A 1 0 0 0 0 0 0 0 0 0 0 0 0 0

ST
17

03

7198 1 0 0 0 0 0 0 0 0 1 0 0 0 1 ESBL

 421 1 0 0 0 0 0 0 0 0 0 0 0 0 1 ESBL

3052 0 0 0 0 0 0 0 0 0 0 0 0 0 0

ST
739492 0 0 0 0 0 0 0 0 0 0 0 0 0 0

7348 1 0 0 0 0 0 0 0 0 0 0 0 0 0

2723A 0 0 0 0 0 0 0 0 0 0 0 0 0 0

x6050 1 0 0 1 0 0 0 0 0 0 0 0 0 0 ESBL

ST
40

59602 1 0 0 1 0 0 0 0 0 0 0 0 0 0 ESBL

6161 1 0 0 1 0 0 0 0 0 0 0 0 0 0 ESBL

2877 1 0 0 1 0 0 0 0 0 0 0 0 0 0 ESBL

5080A 1 0 0 0 0 0 0 0 0 0 0 0 0 0

O
th

er
 S

Ts
 

8811D 0 1 0 0 0 1 0 1 0 0 0 0 0 0

9137 1 0 0 0 0 0 0 0 0 0 0 0 0 0

8139 1 0 0 0 0 0 0 0 0 0 0 0 0 0

3542 1 0 0 0 0 0 0 1 0 0 0 0 0 0

1825 0 0 0 0 0 0 0 0 0 0 0 0 0 0

6856 0 0 0 0 0 0 0 0 0 0 0 0 0 0

5566 0 1 0 0 1 0 0 0 0 0 0 0 0 0 ESBL

7266 0 0 0 0 0 0 0 0 0 0 0 0 0 0

7022 1 0 0 0 0 0 0 0 0 0 0 0 0 0

9668 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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3921 0 0 0 0 0 0 0 0 0 1 0 0 0 0 ESBL

9097 0 0 0 0 0 0 0 0 0 0 0 0 0 0

3397 0 0 0 0 0 0 0 0 0 0 0 0 0 0

7441 0 0 0 0 0 0 0 0 0 0 0 0 0 0

6419 0 0 0 0 0 0 0 0 0 0 0 0 0 0

9646 0 1 0 0 0 0 0 0 0 0 0 0 0 0

1469B 0 0 0 0 0 0 0 0 0 0 0 0 0 0

7019 0 0 0 0 0 0 0 0 0 0 0 0 0 0

x2192 1 0 0 0 0 0 0 0 0 0 0 0 0 0

x7167 1 0 0 0 1 0 0 0 0 0 0 0 0 0

663 0 0 0 0 0 0 0 0 0 0 0 0 0 0

1643 1 0 0 0 0 0 0 0 0 0 0 0 0 1 ESBL

9307 0 0 0 0 0 0 0 0 0 0 0 0 0 0

2357 0 0 0 0 0 0 0 0 0 0 0 0 0 0

708 1 0 0 0 0 0 0 0 0 0 0 0 0 0

7136 0 0 1 0 0 0 0 0 0 0 0 0 0 0

4199 1 0 0 0 0 0 0 0 0 0 0 0 0 0

9168 0 0 0 0 0 0 0 0 0 0 0 0 0 0

6743 1 0 0 0 0 0 0 0 0 0 0 0 0 0

3781 0 0 0 0 0 0 0 0 0 0 0 0 0 0

7500 1 0 0 0 0 0 0 0 0 1 0 0 0 0

5593 0 0 0 0 1 0 0 0 0 0 0 0 0 0 ESBL

3327D 0 1 0 0 0 0 0 0 0 0 0 0 0 0

5361 1 0 0 0 0 0 0 0 0 0 0 0 0 0

5306 0 0 0 0 0 0 0 0 0 0 0 0 1 0 ESBL

6632D 0 0 0 0 0 0 0 0 0 0 0 0 0 0

9562 0 0 0 0 0 0 0 0 0 0 0 0 0 0

1186 1 0 0 0 0 0 0 0 0 0 0 0 0 0

4438 0 0 0 0 0 0 0 0 0 0 0 0 0 0

5038 0 1 0 0 0 0 0 0 0 0 0 0 0 0

5551 1 0 0 0 0 0 0 0 0 0 0 0 0 0

6019 0 0 0 0 0 0 0 0 0 0 0 0 0 0

6492 0 0 0 0 0 0 0 0 0 1 0 0 0 0 ESBL

7518 0 0 0 0 0 0 0 0 0 0 0 0 0 0

9319D 0 0 0 0 0 0 0 0 0 0 0 0 0 0

9838 0 1 0 0 0 0 0 1 0 0 0 0 0 0 ESBL

8733D 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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 Supplementary material: S.10 Complete list of  phenotypically ESBL-producing 
isolates showing the bla genes.  

Isolates 
ID

Beta lactam antibiotics
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5332 0 0 0 0 0 0 0 0 1 0 0 0 0 0 ESBL

7104 0 0 0 0 0 0 0 1 0 0 0 0 0 0 CP

 9260 0 0 0 1 0 0 0 0 0 0 0 0 0 0 ESBL

3218 0 0 0 0 0 0 0 1 0 0 0 0 0 0 CP

 9581A 1 0 0 1 0 1 0 0 0 0 0 0 0 0 ESBL

x5770d 1 0 0 1 0 1 0 0 0 0 0 0 0 0 ESBL

x6638 0 0 0 1 0 1 0 0 0 0 0 0 0 0 ESBL

2102 0 0 0 1 0 1 0 0 0 0 0 0 0 0 ESBL

1710D 1 0 0 1 0 1 0 0 0 0 0 0 0 0 ESBL

9533D 1 0 0 1 0 1 0 0 0 0 0 0 0 0 ESBL

9893 0 0 0 0 0 0 0 1 0 0 0 0 0 0 CP

7974 0 0 0 0 0 0 0 0 0 0 0 0 0 1 ESBL

4233 1 0 0 0 0 0 0 1 0 0 0 0 0 0 CP

5420 0 0 0 1 0 1 0 0 0 0 0 0 0 0 ESBL

5976 1 0 0 0 0 0 0 0 0 0 0 0 0 0 ESBL

5848 0 0 0 0 0 0 0 0 1 0 0 0 0 0 ESBL

605 1 0 0 0 0 0 0 0 0 1 0 0 0 0 ESBL

2993 1 0 0 0 0 0 0 0 0 0 1 0 0 0 ESBL

1843 0 0 1 1 0 1 0 0 0 0 0 0 0 0 ESBL

x2986 0 0 1 1 0 1 0 0 0 0 0 0 0 0 ESBL

7002 0 0 0 1 0 1 0 0 0 0 0 0 0 0 ESBL

6022 0 0 0 1 0 1 0 0 0 0 0 0 0 0 ESBL

7198 1 0 0 0 0 0 0 0 0 1 0 0 0 1 ESBL

 421 1 0 0 0 0 0 0 0 0 0 0 0 0 1 ESBL

x6050 1 0 0 1 0 0 0 0 0 0 0 0 0 0 ESBL

9602 1 0 0 1 0 0 0 0 0 0 0 0 0 0 ESBL

6161 1 0 0 1 0 0 0 0 0 0 0 0 0 0 ESBL

2877 1 0 0 1 0 0 0 0 0 0 0 0 0 0 ESBL

5566 0 1 0 0 1 0 0 0 0 0 0 0 0 0 ESBL

3921 0 0 0 0 0 0 0 0 0 1 0 0 0 0 ESBL

1643 1 0 0 0 0 0 0 0 0 0 0 0 0 1 ESBL

5593 0 0 0 0 1 0 0 0 0 0 0 0 0 0 ESBL

5306 0 0 0 0 0 0 0 0 0 0 0 0 1 0 ESBL

6492 0 0 0 0 0 0 0 0 0 1 0 0 0 0 ESBL

9838 0 1 0 0 0 0 0 1 0 0 0 0 0 0 ESBL
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surveillance of  lineage specific MGEs may be useful to monitor (new) emerging clones.
factors  are  involved  in  this  process.  Nevertheless,  the  detection,  identification  and 
lineages,  it  cannot  explain  the  success  of   other  lineages,  indicating  also  other (host)
specific PAIs,  GIs  and  other  MGEs  seemed  to  be  involved  in  the  success of   some 
MGEs  seemed  to  be  lineage  dependent.  Although  the  acquisition  of IncF  plasmids, 
profiles.  Furthermore,  the  interplay  between  virulence  and  resistance by  acquiring 
clear  association  was  found  between  the  presence  of  specific  MGEs  and  virulence 
studied,  ST73  and  ST131  isolates  had  the  most  similar  virulence  profile.  Overall,  no 
only  partially  present  or  completely  absent  in  our ST131  isolates.  Of   all  isolates 
in  ST131  isolates.  In  contrast,  genomic  islands present  in  this  reference  strain  were 
ST131 reference strain EC958 were identified in our isolates, most of  them exclusively 
identified in ST69 and ST131 isolates. In addition, several other MGEs present in the 
were identified. Also, a new genomic island associated with several virulence genes was 
diverse  pathogenicity  islands  similar  to those  found  in  highly  virulent  ST73  isolates 
to  harbor  several  resistance  genes,  including blaCTX-M-15. In  addition,  in  ST131  isolates 
sequences  and  the  chromosome  of the  isolates.  The  resistance  cassettes  were  found 
plasmids  contained  resistance cassettes  and  were  also  found  within  phage-related 
resistant  phenotype,  a  high number  of,  mainly  IncFII  plasmids  was  identified.  The 
to  ST69  and  ST73  were  not.  Among  the  ST131,  ST405  and  ST648  isolates  with  a 
(ST) 131, ST405 and ST648 were found to be multidrug-resistant while those belonging 
in  Brazil.  Isolates  belonging  to  the  evolutionary  successful  lineages  of   sequence  type 
virulence and resistance profiles of isolates obtained from urine of hospitalized patients 
particular  lineages.  Here,  we  identified  the  presence  of  MGEs  and  their  role  in 
(MGEs)  and  this  process  has  been  associated  with  the  successful  dissemination  of 
genes are acquired by horizontal transfer of  plasmids and other mobile genetic elements 
with severe UTIs and higher incidences of multidrug resistance. Most of the resistance 
urinary tract infections (UTIs). Particular evolutionary successful lineages are associated 
Extraintestinal pathogenic E.  coli (ExPEC)  are  the  most  frequent  etiological  agent  of 
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high-risk lineages and IncF plasmids, particularly those containing replicon
also  increase  the  virulence  of bacteria  [14].  Indeed,  there  is  an  association between 
role  in  the  evolution  of bacterial  clones  [18],  [19].  The  acquirement  of plasmids  may 
important for the spread of antibiotic resistance [16], [17] and they play  an  important 
resistance profiles. Among the different MGEs, plasmids are considered to be the most 
DNA  can  occur.  MGEs  are  not  only  associated  with virulence  but  also  with 
tRNA-encoding  genes,  which  together  define  the area  where  insertion  of foreign 
usage,  carriage  of mobile  sequence  elements and  are  flanked  by  direct  repeats  and 
characterized  by  the  presence  of virulence genes,  a  biased  G+C  content  and  codon 
even  between  species  [15]. PAIs are  a  subset  of genomic  islands  (GIs)  and  are 
(PAIs)  [11],  mobile  genetic elements  (MGEs)  that  can  be  transmitted  horizontally 
cycle  [11]–[14].  Most  of these  virulence  genes  are  present  on  pathogenicity  islands 
overcome  the  host  defense, for colonization and in further steps during the infection 
virulence  genes such  as  adhesins,  siderophores  and  toxins  that  are  important  to 
with  spread of resistance  genes.  Evolutionary  successful  lineages  contain  a  variety  of 
ST131, also ST405 and ST648 are considered as high-risk lineages as they are associated 
been associated  with  an  enhanced  ability  to  colonize  and  persist  in  the  host.  Like 
Other  evolutionary  successful  lineages,  as  ST69,  ST73,  ST405  and  ST648,  have 

prevalent among ESBL-producing ST131 E. coli [10].
presence  of  specific  virulence  genes  was  introduced,  virotype  C  being  the  most 
gene  [9].  Recently,  the  classification  of  ST131  isolates  in  virotypes  according  to  the 
Spectrum  Beta-Lactamase  (ESBL)  genes, such  as  the  frequently  detected  CTX-M-15 
producing [8]. MDR-ExPEC clones are often associated with plasmid-based Extended 
when being resistant to fluoroquinolones and H30-Rx when they are also CTX-M-15- 
fimH30 sublineage. E. coli belonging to this sublineage are usually referred to as H30-R 
according to their adhesive subunit of type 1 fimbriae (fimH) sequence, like the ST131 
[6],  [7].  Within  the  ST131 lineage  there  are  sublineages  that  are  often  classified 
which  may  be  responsible for  their  virulence  potential  and  successful  global  spread 
serotype O25b:H4 and possess a variable combination and number of virulence genes, 
131  clone[3]–[5].  Isolates of this  lineage  often  belong  to  phylogenetic  group  B2  and 
successful lineages, such as the, often multi-drug resistant (MDR), sequence type (ST)
fluoroquinolones  [2].  This  worldwide  increase  is  associated  with  specific  evolutionary 
of  antibiotic  resistance,  mainly  to  cephalosporins,  aminoglycosides  and 
treatment became more complicated as regular antibiotic regimens fail due to the increase 
(UPECs),  are an important etiological agent of urinary tract infections (UTIs) [1]. Their 
Extra-intestinal  pathogenic Escherichia  coli (ExPEC),  particularly  uropathogenic E.  coli 

Introduction



types FIA and FII. Therefore, we characterized the presence of  MGEs in E. coli isolates 
from evolutionary successful lineages isolated from the urine of  hospitalized patients in 
Rio de Janeiro, Brazil. Furthermore, we aimed at characterizing the role of  these MGEs 
in the antimicrobial resistance and virulence properties of  ST131 and non-ST131 isolates.

Materials and Methods 

Bacterial isolates, whole genome sequencing, assembly and annotation 
E. coli isolates used in this study were collected from urine samples of  hospitalized pa-
tients, from four different hospitals located in Rio de Janeiro, Brazil [20]. After the iden-
tification using MALDI-TOF, DNA was extracted using the Ultraclean Microbial DNA
isolation kit (MO BIO Laboratories, Carlsbad, CA, US).  Libraries were prepared using
the Nextera XT library preparation kit with the Nextera XT v2 index kit (Illumina, San
Diego, CA, USA). Subsequently, libraries were sequenced on a MiSeq sequencer, us-
ing the MiSeq reagent kit v2 generating 250-bp paired-end reads (Illumina, San Diego,
CA, USA). Quality trimming of  reads was performed with CLC Genomics Workbench
v10.0.1 (Qiagen, CLC bio A/S, Aarhus, Denmark) using a minimum Phred (Q) score of
28. De novo assembly was performed using CLC Genomics Workbench v10.0.1 (Qia-
gen, CLC bio A/S, Aarhus, Denmark) using default settings and optimal word sizes
based on the maximum N50 value (the largest scaffold length, N, such that 50% of  the
assembled genome size is contained in scaffolds with a length of  at least N). Annotation
was performed by uploading the assembled genomes onto the RAST server version 2.0
[21].  The sequences of  all isolates are available in the ENA database (project number:
PRJEB23420).

Long-read whole genome sequencing 
To characterize the newly identified GI, named GI-II, in more detail, we also sequenced 
ST131 isolates 2724, 3218, 5770D and 5848, and ST69 isolates 108, 605, 2441, 2445 and 
4953 using long-read sequencing on a MinION device (Oxford Nanopore Technologies 
[ONT], Oxford, United Kingdom). For this, total DNA was extracted using the Dneasy 
Ultraclean Microbial kit (Qiagen, Hilden, Germany). The DNA concentration and purity 
were measured using a NanoDrop 2000c spectrophotometer (Thermo Fisher Scientific, 
Waltham, MA, USA) and the Qubit double-stranded DNA (dsDNA) BR assay kits (Life 
Technologies, Carlsbad, CA, USA).  The library was prepared using the Rapid Sequenc-
ing kit (SQK-RAD004) according to the manufacturer’s instructions (Oxford Nanopore, 
Oxford, UK). The final library was assessed with the Genomic DNA ScreenTape assay 
with the 2200 TapeStation system (Agilent Technologies, Waldbronn, Germany) before 
loading it onto a flo-MIN106 R9.4 flow cell. Base calling was performed using Guppy 

 Chapter 3

83



v3.2.2 (ONT). The quality of  the data was analyzed through Poretools v0.6.0 [22].  A 
hybrid assembly using Illumina short reads and ONT long reads was performed using 
Unicycler v0.4.1 [23]. Bandage v0.8.1 [24] was used to visualize the assembly graphs. 

Plasmids identification, analysis virulence genes and resistance genes. 
To identify the plasmids’ replicon sequence and incompatibility types, fasta files were 
uploaded to the PlasmidFinder (v2.0) tool (CGE) [25], replicon sequences with at least 
90% coverage and 99% identity were considered to be present in the isolates. Plasmid 
multi-locus sequence typing (pMLST) was performed by uploading the fasta files to the 
pMLST (v2.0) tool (CGE) [25]. We also predicted the plasmid-derived sequences by 
uploading the fasta file to the online mlplasmids tool [26] and MOB-suite tool [27]. The 
contigs with a score higher than 0.60 using mlplasmids and the contigs identified as plas-
mid-derived sequences by the MOB-suite tool were further analyzed using the Artemis 
tools and the Basic Local Alignment Search Tool (BLAST, v.2.7.1 NCBI). To identify the 
virulence genes present in the plasmid-derived sequences, fasta files containing just the 
predicted sequences were constructed and uploaded to the VirulenceFinder tool (v.2.0) 
(CGE) [28]. In addition, to identify the resistance genes present on plasmids these se-
quences were uploaded to the ResFinder tool (3.1) (CGE) [29], and heat-maps were 
generated using the GraphPrism software (v.7.04) (GraphPad Software, La Jolla, US). 
Resistance cassettes were identified by blasting the sequence data of the isolates against 
the NCBI database, and finally the alignments were performed using ACT [30]

Detection of  pathogenicity islands 
The PAIs were identified by blasting the isolate sequences against a PAI database con-
taining complete sequences of  PAIs commonly found in E. coli, i.e., PAI I536, PAI II536, 
PAI III536, PAI IV536 and PAI ICFT073 downloaded from the NCBI database and PAI 
sequences available in the PAIDB [31] (see supplementary data S.1 for reference 
sequences). Comparisons were visualized using DNA plotter [32]. Identification of  GIs, 
prophages, HPIs, ROD insertion elements, ratA-like toxin, Flag-2 lateral flagellar locus 
and Type VI secretion system present in reference sample EC958 in our isolates was per-
formed using the Circos tool [33], and the alignment of  the new GI named GI-II in this 
study with GI CP023826 was visualized using the EasyFig tool [34]. 

Statistical tests 
The Fisher’s exact test was used to evaluate the association between the presence of 
IncF plasmids and the multidrug resistant profile using GraphPad Prism (v.7.0.3) 
(GraphPad Software, La Jolla, US). Values of  p<0.05 were considered statistically 
significant. 
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Results
Bacterial isolates

In total, 49 E. coli isolates belonging to phylogenetic groups B2 and D obtained from 
urine samples of  hospitalized patients admitted to four different hospitals, in Rio de 
Janeiro were analyzed in this study. The presence of  MGEs was determined in 26 iso-
lates belonging to ST131, of  which 24 belonged to serotype O25:H4 and the other two 
to serotype O16:H5. Based on fimH typing the majority of  ST131 isolates were fimH30 
(n=22), while two isolates were fimH22 and another two isolates were fimH41. The ST131 
isolates presented different virotypes namely A, B, C, C2, C3 and D. The non-ST131 
isolates used in this study belonged to ST69 (n=9), ST73 (n=4), ST405 (n=4) and ST648 
(n=6). ST69 and ST73 isolates were not associated with MDR, whereas ST405 and 
ST648 isolates often were MDR (including ESBL-producing and carbapenem-producing 
ones). The isolates investigated in this study belonged to phylogenetic group B2 (n=36) 
and D (n=13) as we have shown before [20]. For the analyses of the PAIs, we included 18 
additional isolates belonging to phylogenetic groups A and B1 and collected in the same 
period (Supplementary data S.2). 

Plasmid analyses 
IncF plasmids were present in all ST131 isolates, the majority of  these plasmids con-
taining the IncFII (n=21) and/or the IncFIA (n=9) replicon. pMLST results revealed a 
high diversity of pMLST profiles, especially among plasmids found in H30-ST131 iso-
lates. In the H30-ST131 isolate susceptible to all antibiotics tested, an F1:A2:B20 profile 
was found. In the H30-R-ST131 isolates resistant to fluoroquinolones, F1:A2:B20 (n=4), 
F2:A1:B- (n=2), F1:A2:B- (n=1), F-:A2:B20 (n=1) and F18:A6:B8 pMLST profiles were 
identified. In addition, in the H30-R-ST131 isolates also resistant to carbapenems, one 
isolate had an F1:A2:B20 profile and for two isolates the F allele was not identified, 
and, therefore, these were classified as F-:A2:B20. Among the highly resistant sublineage 
H30-Rx-ST131, two pMLST profiles, F2:A-:B- (n=5) and F31:A4:B1 (n=4), were found 
in isolates of  virotype A and C, respectively. The two H22-ST131 and two H41-ST131 
isolates had the same pMLST profiles, i.e., F2:A-:B1 and F29:A-:B10, respectively, pro-
files that were not found in H30-ST131 isolates. Overall our results show a link between 
the resistance phenotype and the plasmid type (Figure 1 and Table 1). The pMLST pro-
files found in other ST isolates were different from the ones in ST131 isolates, except 
for the F29:A:B10 plasmid that was present in two ST131 isolates and in three ST69 
isolates and F31:A4:B1 present in four ST131 and one ST69 isolates. In addition, other 
plasmid profiles were found in the ST69 isolates, i.e., pMLST profiles F36:A4:B1 (n=2), 
F1:A1:B66 (n=1) and F2:A-:B10 (n=1). For one ST69 isolate no plasmid profile could 
be identified. Interestingly, the H41/ST131 sublineage is less associated with an MDR 
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profile and has the same pMLST profile, F29:A:B10, as identified in three of our ST69 
isolates, including the ESBL-producing isolate (605). IncF plasmids were not identified 
in ST73 isolates. The IncF plasmids in ST648 isolates were classified as F1:A1:B1 and in 
ST405 isolates as F2:A-:B10, except for one isolate that had an F2:A-:B- plasmid.

Figure 1. NJ tree for all the 49 isolates with the distance based on cgMLST. The cgMLST 
scheme was based on 2764 target genes. The columns indicate the ST type, serotype, 
phylogenetic groups, the fimH type (only for ST131 isolates), the plasmid replicon type and the 
pMLST profile. In pink the ST131 isolates, in green the ST73 isolates, in brown the ST648 
isolates, in dark pink the ST69 isolates and in yellow the ST405 isolates. Please note that for 
isolate 7348 the MLST type (ST73) could only be identified using the CGE webtool not by 
Seqsphere. NI, not investigated.
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Virotype A, ESBL, resistance to fluoroquinolones
x6638 ST131 O25:H4 B2 fimH30 A blaCTX-M-15 +1 - + F2:A1:B-

2102 ST131 O25:H4 B2 fimH30 A blaCTX-M-15 + - + F2:A1:B-

5420 ST131 O25:H4 B2 fimH30 A blaCTX-M-15 + - + F2:A1:B-

2206 ST131 O25:H4 B2 fimH30 A blaCTX-M-15 + - + F2:A1:B-

Virotype A, non-ESBL, sensitive to fluoroquinolones

2478 ST131 O16:H5 B2 fimH41 A - - - - F29:A-:B10

4006 ST131 O16:H5 B2 fimH41 A - - - - F29:A-:B10

Virotype C, ESBL, resistance to fluoroquinolones

1710D ST131 O25:H4 B2 fimH30 C blaCTX-M-15 + - + F2:A4:B1

5770D ST131 O25:H4 B2 fimH30 C blaCTX-M-15 + - + F2:A4:B1

9533D ST131 O25:H4 B2 fimH30 C blaCTX-M-15 + - + F2:A4:B1
Virotype C, carbapenemase-producer, sensitive to fluoroquinolones

7104 ST131 O25:H4 B2 fimH30 C2 blaKPC-2 + - - F-:A2:B20

3218 ST131 O25:H4 B2 fimH30 C2 blaKPC-2 + - - F-:A2:B20

9893 ST131 O25:H4 B2 fimH30 C3 blaKPC-2 + - - F-:A2:B20

Virotype C, MDR, sensitive to fluoroquinolones

8565 ST131 O25:H4 B2 fimH30 C3 - + - - F1:A2:B20

5976 ST131 O25:H4 B2 fimH30 C3 - + - - F1:A2:B20
 1 +, indicates the presence of  the gene or characteristic; -, indicates the absence of  the gene or 
characteristic; isolates are grouped according to their virotype, presence of  the extended spectrum 
beta-lactamase (ESBL) gene, and their multi-drug resistant (MDR), plasmid-mediated quinolone 
resistance (PMQR) and plasmid multi-locus sequence type (pMLST) profiles.
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among ST131 isolates.
Table 1. Association between the pMLST, virotype and antibiotic resistance profiles 



Figure 2.  Distribution of  acquired resistance genes identified in the plasmid-derived 
regions. Red hits indicate the presence of  a resistance gene with at least 90% identity and 60% 
coverage. The samples are organized by ST type.
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Identification of plasmid-based resistance gene 
We analyzed the presence of  plasmid-based resistance genes in our isolates. Our results 
identified 35 different resistance genes, including blaCTX-M-15, blaCTX-M-8, blaCTX-M-2, blaKPC-2 
and aac(6’)-Ib-cr genes, which represented 68.6% of all the resistance genes identified in 
our isolates. Most resistance genes (64.8%) were found in ST131, ST405 and ST648 iso-
lates, whereas less resistance genes were identified in the ST69 and ST73 isolates (Figure 
2). Among ST131 isolates, a higher number of resistance genes was identified in MDR 
and ESBL-producing isolates belonging to the A/H30 and C/H30 sublineages. We also 
found several resistance genes between IS elements, i.e., within a resistance cassette, in 
H30Rx-ST131, ST405 and ST648 isolates. A resistance cassette highly similar to the one 
present in the pEC958 plasmid found in the E. coli ST131 reference strain EC958 (NCBI: 
HG941719.1) was identified in different plasmids among genetically closely related A/
H30Rx ST131 isolates (2102, 2206, 5420 and 6638; Figure 3A). A similar resistance cas-
sette was also identified among C/H30Rx ST131  i solates (5770D, 1710D and 9533D; 
Figure 3B), however two regions were found to be different. The IS26/blaCTX-M15/Tn3 
region present in pEC958 was replaced by other genes between IS26 elements in our 
plasmid, and a region of  14Kb containing IS26 elements and resistance genes present 
in pEC958 was deleted from the plasmid and had most likely been integrated into the 
chromosome of  our isolate (Figure 3B and C).  Interestingly, two resistance cassettes 
were identified on the chromosome of our MDR isolates (Figures 3C and D). In ST648 
isolates we identified a chromosomal resistance cassette within phage-related sequences 
similar to one found in the FDAARGOS_497 reference strain (NCBI: CP033853.1; Fig-
ure 3D). The other chromosomal resistance cassette was identified in the chromosome 
of H30Rx ST131 isolates (5770D, 1710D, 9533D), which was also closely related to a cas-
sette from reference strain FDAARGOS_497 (Figure 3C). The resistance cassette found 
in C/H30Rx ST131 isolates (5770D, 1710D and 9533D) was also identified in H30-R 
ST131 isolate (6202) (Figure 3E), and in ST405 (6050) and ST69 (605) isolates. Thus, this 
resistance cassette was present in several isolates but on different plasmids. More precise-
ly, in the A/H30Rx-ST131 isolates (5420, 2102 and 6638) it was identified in a plasmid 
similar to pEC958, while in the C/H30Rx-ST131 isolates (5770D, 9531D, 1710D) it was 
present in a plasmid more similar to pecAZ146 (NCBI:CP018990) (Figure 4). Finally, we 
found a statistically significant association between the presence of IncF plasmids and an 
MDR profile (p=0.0142) and an ESBL profile (p=0.0107; see supplementary data S.3).  
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Figure 3. Alignment of  resistance cassettes present in plasmid and chromosome regions 
using hybrid assemblies of  short and long read sequences. Alignments of  A. the resistance 
cassette present in the plasmid of  H30Rx-ST131, virotype A isolate 5420 and the one found in 
plasmid pEC958 of  the Escherichia coli ST131 EC958 reference strain;  B. the resistance cassette 
present on the plasmid of  5770D isolate and the one found on plasmid pEC958 of  the Escherichia 
coli ST131 EC958 reference; C. the resistance cassette found in the chromosome of  the 5770D iso-
late and the one on the chromosome of  the FDAARGOS_497 reference strain; D. the resistance 
cassette present in representative isolates of  ST648, i.e., 7002D and 1843, and the resistance cas-
sette present on the chromosome of  the FDAARGOS_497 reference strain; E. coli the resistance 
cassette present in plasmids present in H30Rx-ST131 isolates 6202 and 5770D. The resistance 
genes are indicated in red, the IS elements in yellow, Tn elements in dark blue, the phage protein 
genes in light pink and other genes present in the chromosome in orange.
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our non-ST131 isolates (Figure 5A and 5B).
H22-ST131 isolates. None of the elements present in EC958  strains were identified in 
locus  was  present  in H41-ST131  isolates  and  only partially present in H30-ST131 and 
type IV secretion locus was not identified among our  ST131  isolates  and  the  capsular 
lateral flagellar locus were more conserved and found in almost all ST131 isolates. The 
partially  identified  among  all  ST131  isolates, while  the  ratA-like  toxin  and  Flag-2 
isolates,  and  ROD3  was  identified only  in H30-ST131.  The  O-antigen  loci  were 
ROD1 was present in all isolates, ROD2  was  present  in H30-ST131  and H22-ST131 
insertion  elements  present  in EC958  were  also  identified  among  our  ST131  isolates. 
and  prophage  7  was partially  found  in H30-ST131  isolates.  In  addition,  ROD 
(2102, 5420,3528, 1294D  and  6202),  prophage  6  was  absent  in  all  our  ST131  isolates 
present  in H30-ST131 isolates, prophage 2 was present in only five H30-ST131 isolates 
and 5 were partially present  in  all  ST131  isolates,  while  the  prophage  3  was  partially 
ST405  isolates. From the seven prophages identified in the EC958 strain, prophages 1 
majority  of ST69  (9715,  666,  864,  7719,  605  and  108)  isolates,  but  in  none  of the 
it  was absent.  This  HPI  was  also  present  in  all  ST73  and  ST648  isolates  and  in  the 
only partially  present  and  in  two H30-ST131  isolates  (isolates  2102  and  7018)  where 
was present in almost all ST131 isolates except in the H41-ST131 isolates where it was 

partially present only in H30 ST131 isolates (Figure 5). Interestingly, an HPI (PAI IV536)
GI-selC were  absent  in  all  ST131  and  non-ST131  isolates,  whereas  the  GI-leuX was 
isolates but was not present in any of the non-ST131 isolates (Figure 5). GI-pheV and 
island GI-thrW present in reference strain EC958 was highly conserved among ST131 
tion, O-antigen, rat-like) associated with virulence, in our E. coli isolates. The genomic 
pathogenicity islands (HPIs), and other insertion elements (ROD, Flag-2, type IV secre- 
such  as genomic  islands  (GI-pheV,  GI-selC,  GI-leuX,  GI-thrW),  phages  (1-7),  hyper 
The ST131  reference strain EC958  (NCBI:  HG941719.1)  was used to identify MGEs 

EC958
Identification of mobile genetic elements present in the ST131 reference strain 



Figure 4. Alignments of plasmids carrying the resistance cassettes identified in H30Rx-
ST131 isolates. (A) Alignment between the pEC958 plasmid present in the ST131 Escherichia coli 
EC958 reference strain and the plasmids present in H30-Rx virotype A ST131 isolates 2102 (pink), 
5420 (green) and 6638 (purple). (B) Alignment between the pECAZ146_1 plasmid present in 
theST131 E. coli Ecol_AZ146 and the plasmids present in H30-Rx virotype C ST131 isolates 
5770D (pink), 1710D (green) and 9533D (purple). 
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present or absent and GI-II was also absent (Figure 7).
the  latter  isolates,  the PAI  II536 and PAI  I536 were  absent, PAI  VI536 was  only  partially 
compared to the one found in isolates belonging to phylogenetic groups A and B1. In 
of PAIs was  found  in  the  49  isolates  that  belong to  phylogenetic  groups  B2  and D, 
similarities in PAIs distribution with ST73 than with other ST types. A different pattern 
the H22-ST131  (5332  and  5848)  isolates.  The ST131 H30-Rx  clade  C  presented  more 
This  same PAI was  also  partially  present  in almost  all  other  ST131  isolates  expect  for 
was  completely  present  in  all  ST73,  two ST131,  one  ST648  and  one  ST69  isolate(s). 
ST648 isolates. The PAI I4787 was only present in the ST73 isolates, while the espC PAI 
present  among  ST73  and  ST131  isolates, however it was present in ST69, ST405 and 
present  only  in H30Rx  clade  C ST131  and  ST73  isolates.  The  ETT2 PAI was  not 
least  partially  present.  Similar results  were  found  for PAI I536, which  was  partially 
57710,  1710D,  9533D, 2724D)  ones  were  the  only  isolates  in  which PAI II536 was  at 
isolates  had  a  more  similar  profile.  Among  S131  isolates  the H30-Rx  clade  C  (9260, 
Although  a  high  diversity  in PAI profiles  was  observed,  genetically  closely  related 
isolates  tested. PAI II536 (16%) and LEE (2%) were the least frequently identified ones. 
identified, PAI ICFT073 being  the  most  frequently  identified  one  and  present  in  all 
pathogenicity  islands  (PAIs)  in  our  isolates.  In  each  isolate  at  least  one PAI was 
(see  supplementary  data  S.4  and  Figure  6). We  also  investigated  the  presence  of other 
(2441, 2445A and 4953) and was partially present in almost all ST131 and ST69 isolates 
in  five  ST131  (9893,  1294D,3528,  4233  and  2724)  isolates  and  in  three  ST69  isolates 
associated with iron uptake (iucA, iucC, iucD, iutA, tonB). This GI was completely present 
ated  with  biofilm-forming  ability,  toxins  and  antitoxin  genes yeeV and yeeU,  and  genes 
with  pyelonephritogenic E.  coli (papA, papB, papI, papX),  the  antigen  43  (agn43)  associ- 
of the  tRNAPhe-type,  was  95900bp  in  size  and  contained  P  fimbriae  genes  associated 
isolate  from  Sweden  (reference  number:  CP023826)  in  our  isolates.  It  appeared  to  be 
We also identified a new genomic island (GI) GI-II similar to a GI present in an ST131 

Identification of other mobile genetic elements
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teins and genes not directly involved in resistance or virulence profiles.  HP, hypothetical proteins.
other coding sequences are indicated in orange and include those encoding uncharacterized pro- 
tegrases); in yellow, the IS elements that are sligthly different from those found in the Swedisch GI;
(3218). In red,  the main virulence genes; in blue, the mobile genetic elements (IS, transposase, in- 
quences. On top the Swedisch GI (CP023826) and on the bottom an ST131 representative isolate 
found  in   a  Swedisch  ST131  isolate  using  hybrid  assemblies  of   short  and  long  read  se- 
Figure 6. Alignment of  the genomic island (GI) GI-II present in our isolates and the GI 



Figure 7. Pathogenecity islands present in the isolates. The figure shows the most 
frequently found PAIs identified among different ST types. The black hits indicate the presence 
of a PAI, while the gray hits indicate that the PAI is partially present and white hits indicate the 
absence of the PAI.  The isolates belonging to phylogenetic groups B2 and D are indicating with 
their ST types, whereas isolates belonging to phylogenetic group A  and B1 are indicated by A 
and B, respectively.
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Virulence genes and mobile genetic elements 
We investigated the presence of 77 virulence genes associated with plasmid-based re-
gions or pathogenicity islands present in our 49 isolates. Overall the number of  virulence 
genes identified on plasmid-based regions were lower than the number of genes present 
in pathogenicity islands. The majority of identified genes on plasmids were associated 
with iron uptake and a minor part was associated with toxin production and other vir-
ulence determinants. Detected genes include the aerobactin siderophore and the iroE, 
iroD, iroB, iroN, iucA, iucB, iucC, iucD, iutA, sitA, sitB, sitC and sitD genes, the gene en-
coding enterotoxin senB, the increased serum survival (iss) gene, as well as colicin and 
microcin associated genes (mchF and cba) that are involved in killing of  other bacteria. In 
general, the diversity of  MGE associated virulence genes was high within the ST types. 
Moreover, the ST648 and ST69 isolates presented a higher virulence score (VS) associ-
ated with MGEs, i.e., 44.5 and 36.4 respectively, compared to the isolates of  other ST 
types including ST131 (VS=24.1), ST73 (26.5) and ST405 (VS=25.2) isolates. The ST648 
and ST69 isolates had the same PAIs (PAIETT2 and PAI ICFT073), which carry genes of the 
system secretion type 3 (TSS3), pap cluster genes and hemolysin and iron-uptake sys-
tem genes (Table 2). ST73 and C/H30-ST131 isolates (9581A, 9260, 5770D, 1710D and 
9533D) had a very similar PAI-associated virulence gene profile. These C/H30-ST131 
isolates were associated with an MDR profile and also had higher numbers of virulence 
genes associated with plasmids and PAIs than other ST131 isolates (Figure 8).  In ad-
dition, the Fisher’s exact test did not identify a significant association between the PAI 
profile and the presence of IncF plasmids in CTX-M-15-producing isolates. 
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Figure 8. Heat map of virulence genes present in mobile genetic elements identified in 
ST131, ST73, ST648, ST69 and ST405 isolates.  Black hits indicate the genes present in patho-
genicity islands and the grey hits indicate the presence of  virulence genes associated with plasmids. 
TSS3 indicates the genes associated with the system secretion type 3.  
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Table 2. Comparison of  the virulence score of  and presence of  PAIs in ST131 and non-
ST131 isolates.  

ST131 ST73 ST648 ST69 ST405

VSa 24.19 26.5 44.5 36.44 25.25

1 (3.8) 0 (0) 6 (100) 8 (88.8) 4 (100)

0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

26 (100) 4 (100) 6 (100) 9 (100) 4 (100)

0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

0 (0) 0 (0) 0 (0) 0(0) 0 (0)

22 (84.6) 4 (100) 6 (100) 6 (66.6) 4 (100)

2 (7.6) 2 (50) 0 (0) 0 (0) 0 (0)

PAI espc 2 (7.6) 4 (100) 0 (0) 0 (0) 0 (0)
 aVS, virulence score, indicated as the mean number of virulence genes in each lineage. This table 

only lists PAIs of which the complete sequences were identified in the isolates.  

Discussion 

UTIs caused by MDR ExPEC are challenging to treat and manage. In this study, we 
investigated the presence of  MGEs in E. coli isolates circulating in Brazil and their role 
in resistance and virulence. The most prevalent plasmids were of  the IncF type and 
were mainly present in ST131, ST405 and ST648 isolates, known to be often MDR. Our 
results are in agreement with previous studies in which MDR isolates, including ESBL-
CTX-M-15-producing ones, were shown to be associated with IncF plasmids [35], [36]. 
Indeed, a statistically significant association between MDR/ESBL profiles and the pres-
ence of IncF plasmids was found in our isolates. Although pMLST profiles were highly 
diverse in ST131 isolates, F1:A2:B20 and F2:A1:B- were the ones most often found in 
antibiotic resistant ST131 isolates. In contrast, F29:A:B10 plasmids were present in two 
susceptible H41/ST131 isolates and in three susceptible ST69 isolates. Our results are in 
agreement with previous studies showing that F29:A-:B10 plasmids were associated with 
H22, H41 or H30 susceptible (H30-S) ST131 isolates, while F1:A2:B20 and F2:A1:B- 
plasmids were associated with the resistant H30-R and H30-Rx ST131 isolates [37]–[39]. 
Notably, we found that ST131 isolates having the same virotype and similar antibiotic 
resistance had the same plasmid profile, indicating an association between the plasmid 
profile and specific sublineages, which reinforce the hypothesis that specific plasmids 
are associated with the ongoing evolution of  ST131 sublineages. Additionally, ST405 
and ST648 isolates also carried several IncF plasmids, which may be associated, like in 
ST131, with the successful spread of  these clones. The presence of  the F1 and F2 alleles 
is a common feature seen in ST131, ST648 and ST405 lineages associated with an MDR 
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lineages.
hypothesis that plasmid-mediated resistance is mainly associated with specific high-risk 
identified  in  some  ST131  and  ST405  isolates  but not in ST73 isolates supporting the 

addition,  in  our  study  resistance  cassettes without  the blaCTX-M-15 gene  were 
the  same  plasmid  containing  the resistance cassette was found in each sublineage.  In 
(virotype A) and H30-Rx ST131 (virotype C) may be explained by the observation that 

lineages  [1,  35].  The  association of blaCTX-M-15 with sublineages H30-Rx  ST131 

and  in  dissemination of blaCTX-M-15 and aac(6’)Ib-cr genes among  high-risk E.  coli 
from  different countries  that  showed  the  importance  of IncF plasmids  in  resistance 
resistance cassettes  associated  with  MGEs  was  already  described  in  previous  studies 
cassette  present  in  the  chromosome  of our  ST648  isolates.  The  presence  of 
[44].  This  may  also  be  the  reason  of the  presence  of phage-related  resistance 

blaCTX-M-15 gene,  and  may  have  been  facilitated  by  the  presence  of IS26 elements 
a  transposition  event,  which  may  have  occurred  to  increase the  stability  of the 
chromosome.  The  presence  of a resistance cassette  on the  chromosome  indicates 
isolates  presented  a  phage-related  resistance cassette  also  present  on  the 
cassettes  were  found  in  plasmids and  on  the  chromosome.  In  addition,  the  ST648 
reference  strain  (EC958) was  detected.  In  virotype  C  ST131  isolates,  resistance 
similar  to  the one found  on  plasmid  pEC958  present  in  the  ST131 E.  coli ST131 
plasmids present in  these  isolates.  In H30-Rx  virotype  A  ST131  isolates,  a  cassette 
resistance cassettes,  defined  as  blocks  of  resistance  genes,  that  were  identified  within 
ST131,  ST405  and  ST648  lineages.  This  could  be  explained  by  the  presence  of 
aac(‘6)-Ib-cr in the plasmid-derived regions. Most resistance genes were identified in the 

We  also  identified the presence  of  resistance  genes  including blaCTX-M-15, dfrA17 and 

bacteria of belonging to other STs.
with the worldwide spread of ST131 bacteria [42], [43] and may also be of benefit for 
chromosome  of our isolates.  The  presence of this gene  has  been  associated  before 
not  found  in  our  plasmid. However,  the blaCTX-M-15 gene  was  located  on  the 
and  was  associated  with several resistance genes, including blaCTX-M-15 [40], [41] that was 
ST648  isolates  from wastewater  in  Norway  and  in  hospitalized  children  in  the  US, 
particular  IncF F1:A1:B1  plasmid.  This  same  type  of  plasmid  was  identified  in 
which could  indicate  that  its  successful  spread  is  related  to  the  presence  of this 
Isolates  from  ST648,  although  genetically  diverse,  carried  the  same  plasmid  type, 

why they did not have an MDR phenotype.
profile. None of the ST73 isolates carried IncF plasmids, which could be the reason 
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virotype C ST131 isolates.
groups.  Nevertheless, we  observed  that  ST73  isolates  had  a  similar  profile  as H30-Rx 
non-ST131 isolates was highly diverse in isolates that belong to B2 and D phylogenetic 
pathogenic  than in commensal E. coli [49]. The distribution of PAI among ST131 and 
our  study. Interestingly,  these PAIs  are  more  frequently  reported  to  be  present  in 
studies [42], PAI I536 and PAI II536 were identified among MDR H30-ST131 isolates in 
those latter two PAIs among ExPEC isolates in Brazil [48]. Different from previous 
in  all isolates,  which  is  consistent  with  a  previous  study  showing  a  high  prevalence  of 
ST69,  ST405  and  ST648  isolates,  while PAI  ICFT073 and PAI  IV536 were  present
Also, the presence of other PAIs was investigated. PAIETT2 was only identified among 

MDR ST69 isolates in our study.
profile  (F29:A-:B10) as H41-ST131 isolates.  This  ST69  isolate  is  also  one  of the  two 
isolate  (2441)  had the complete sequence of this GI-II and also had the same plasmid 
in  an  isolate from  Sweden  (reference  number: CP023826). Interestingly,  one  ST69 
iutA/iucAB-CD operon and tonB gene, and the antigen 43, and was similar to a GI found 
virulence genes  including  the  P  fimbriae, papAG operon,  the  iron  uptake  system,  the 
was  completely  present  in  ST69  and  H30-ST131  isolates.  This  GI-II  harbored 
A new GI (named GI-II in this study) was at least partially identified in all isolates and 

identified among H30-ST131.
coli as RODs, the ratA-like toxin and Flag-2 lateral flagellar locus were more frequently 
HPI. Other genomic regions present in EC958 strain known to be variable between E. 
not  find  an  association  between  the  resistance  to  antibiotics  and  the presence  of this 
ST405 isolates [1]. Moreover, different from what has been reported previously, we did 
ST131, B2/ST648, B2/ST73 and D/ST69 isolates, but it was completely absent in D/ 
phylogenetic  group  B2  isolates  [1],  [11]. We  also  identified  it  in the  majority  of  B2/ 
previous  studies,  the  presence  of PAI  IV536 was already  associated with 
our  ST131  isolates,  except  for H41-ST131 where  it  was  only  partially  present.  In 
ST131  reference  strains.  In  addition, the  HPI PAI  IV536 was  identified  in  almost  all 
ST131  isolates.  These  prophages, particularly  prophage  6,  are  present  in  several H30- 
H30-ST131  isolates,  while  the other  prophages  were  completely  or  partially  absent  in 
also investigated the presence of  prophages. We  found  that  prophage  2  was  present  in 
these  GIs  that  can  restrict the transfer of  these mobile elements to other isolates. We 
and  may  be  explained  by the  presence  of  specific  methyltransferases  associated  with 
these  MGEs  exclusively in  ST131  isolates  was  already  described  previously  [46],  [47], 
system  structures  also present  in  other  B2 E.  coli strains.  In  addition,  the  presence  of 
are known to carry the siderophore  receptor  locus  and Type  I  restriction/modification 
strains [45]. GI-leuX and GI-thrW have been identified among other UPEC strains and 
and  GI-pheV are considered  important  for  and  are  identified  in  nearly  all H30-ST131 
absent in all our isolates.  This  is  different  from  previous  studies  showing  that  GI-leuX 
island  GI-leuX was  partially  present  only  in  our  H30-ST131,  whereas  GI-pheV was 
the  only  highly  conserved  GI  present  among  all  our  ST131  isolates.  The  genomic 
EC958  strain  were  also  present  in  our  isolates.  Our  study  revealed  that  GI-thrW was 
Further,  we  investigated  if  the  MGEs  present  in  the  highly  virulent  and  resistant 
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improve the balance between resistance and virulence.
and  at  the  same  time have  other  MGEs  that  are  exclusive  for  ST131  in  order  to 
important  for  virulence, such  as  the  GI-II,  that  are  already  present  in  other  lineages 
hypothesize that the H30-Rx  ST131 sublineage may  acquire  MGEs  having  only  genes 
Likewise, GI-II  is  only  present  in H30-Rx  ST131  and  ST69  isolates.  Therefore,  we 
ST73 isolates,  shown  in  our  previous  study  to  have  the  highest  virulence  score  [53]. 
could  explain  the  similarities  in PAIs  distribution  between  the H30-Rx  ST131  and 
rying  virulence  and  resistance  genes  without  increasing  the  bacterial  fitness cost.  This 
through acquisition of MGEs, e.g. PAIs, but with the acquisition of specific MGEs car- 
ST131 sublineages may be explained not by an increase in the number of virulence genes 
On the other hand, the interplay between resistance and virulence that is observed in 

tween the presence of  specific PAIs, the virulence score and antibiotic resistance.
in highly resistant and virulent H30-Rx-ST131 isolates there was no clear association be- 

in most of the non-ST131 isolates. Although, PAI I536 and PAI II536 were partially present 
and cba). The virulence score associated with PAIs and plasmids was lower in ST131 than 
gions were enterotoxin (senB), increased serum survival (iss), colicin and microcin (mchF 
against bacterial infections [52]. Other virulence genes identified in plasmid-derived re- 
for survival in the urinary tract, since the reuptake of iron is part of the host’s defense 
PEC [51] and the production of siderophores was reported previously to be essential 
(iroBCDEN). These virulence genes have been associated before with virulence in Ex- 
Most of  these genes encoded for aerobactin (iutA/iucABCD, sitABCD) and salmochelin 
mid-derived regions were associated with the iron uptake system, adhesions and toxins. 
genes present in PAIs in our isolates. The majority of virulence genes identified on plas- 
the number of plasmid-based virulence genes was lower than the number of virulence 
We also investigated the presence of virulence genes associated with MGEs.  In general, 

more associated with the phylogenetic groups than with specific lineages.
were similar to those previously reported [50], [51] indicating that the PAIs distribution is 
Most PAIs present in B2 and D isolates were absent in A and B1 isolates. Our results 
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potentially high virulent lineages in the future.
emergence  of  specific clones.  Such  knowledge  will  be  useful  to  early  identify 
affect  the  virulence and  resistance  of E.  coli clones  and  eventually  can  lead  to  the 
studies on MGEs  are  required  to  increase  our  knowledge  about  how  these  MGEs 
particular MGEs  were  exclusively  identified among H30-Rx  ST131 isolates. Further 
the bacteria  seems  to  be  lineage  specific,  as  is  supported  by  the  observation  that 
tors. In  addition,  the  relation  between the  acquisition of   MGEs  and  the  evolution  of 
different MGE types, plasmids, PAIs and other GIs, all having important virulence fac- 
association between the presence of MGEs and virulence is more complex and involves 
with MDR  and  ESBL  profiles was found in high-risk clones. On the other hand, the 
towards high-risk clones. Indeed, a clear association between the presence of plasmids 
sociated with successful lineages and may be essential for their emergence and evolution 
In summary, the presence of specific plasmids and resistance cassettes seems to be as- 
Conclusions
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Supporting Information

S.1. Characteristics of ST131 and non-ST131 isolates used in this study

Characteristics of ST131 isolates in this study
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5332 ST131 O25:H4 B2 + + 22 D

7018 ST131 O25:H4 B2 - + 30 A

7104 ST131 O25:H4 B2 + + 30 C2

9260 ST131 O25:H4 B2 + + 30 C

3218 ST131 O25:H4 B2 + + 30 C2

9581A ST131 O25:H4 B2 + + 30 C

x5770d ST131 O25:H4 B2 + + 30 C

x6638 ST131 O25:H4 B2 + + 30 A

1294D ST131 O25:H4 B2 - + 30 B

2102 ST131 O25:H4 B2 + + 30 A

1710D ST131 O25:H4 B2 + + 30 C

9533D ST131 O25:H4 B2 + + 30 C

3528 ST131 O25:H4 B2 - + 30 C2

7078 ST131 O25:H4 B2 - - 30 C3

9893 ST131 O25:H4 B2 + + 30 C2

7974 ST131 O25:H4 B2 + + 30 D

4233 ST131 O25:H4 B2 + + 30 D

5420 ST131 O25:H4 B2 + + 30 A

2478 ST131 O16:H5 B2 - - 41 A

4006 ST131 O16:H5 B2 - - 41 A

5976 ST131 O25:H4 B2 + + 30 C3

2206 ST131 O25:H4 B2 - + 30 A

8565 ST131 O25:H4 B2 - + 30 C3

x2724 ST131 O25:H4 B2 - + 30 C2

6202 ST131 O25:H4 B2 - + 30 C2

Chapter 3

5848  ST131 O25:H4 B2 + + 22 D

107



Characteristics of  non-ST131 isolates in this study
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2993 ST648 O1:H6 B2 + +

1843 ST648 O1:H6 B2 + +

0107D ST648 O1:H6 B2 - -

x2986 ST648 O1:H6 B2 + +

7002 ST648 O1:H6 B2 + +

6022 ST648 O1:H6 B2 + +

x6050 ST405 O102:H6 D + +

9602 ST405 O102:H6 D + +

6161 ST405 O102:H6 D + +

2877 ST405 O102:H6 D + +

2445A ST69 O17/O44:H18 D - -

605 ST69 O17/O77:H18 D + +

7719 ST69 O17/O77:H18 D - -

864 ST69 O15:H18 D - -

x2441 ST69 O17/O77:H18 D - +

666 ST69 O15:H2 D - +

9715 ST69 O25:H18 D - -

108 ST69 O45:H45 D - -

4953 ST69 O17/O44:H18 D - -

3052 ST73 O22:H1 B2 - -

9492 ST73 O6:H1 B2 - -

7348 ST73 O6:H1 B2 - -

2723A ST73 O6:H1 B2 - -
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7500 ST744 O89:H10 A

8139 ST744 O89:H10 A

9646 ST167 O89:H9 A

1469B ST617 O neg. :H9 A

9749A ST1703 O15:H11 A

7198 ST1703 O15:H11 A

 421 ST1703 O15:H11 A

1825 ST93 O7:H4 A

3397 ST46 O9:H4 A

6632D ST453 O23:H16 B1

x2192 ST453 O23:H16 B1

9562 ST155 O86:H51 B1

708 ST224 O163:H23 B1

5361 ST224 O8:H23 B1

7266 ST641 O no found. :H34 B1

7022 ST641 O30:H25 B1

5306 ST641 O30:H25 B1

6632D ST453 O23:H16 B1

x2192 ST453 O23:H16 B1
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S.2. List with pathogenicity island present in the database used in this
study.

PAI database

Number PAI Host Strain Function Insertion 
site

GenBank Acession 
(size)

1 AGI-1 Escherichia coli 
BEN2908

Not published tRNA-aspV AY395687(29.5kb, com-
plete PAI)

2 AGI-3 Escherichia coli 
BEN2908

Putative mobile ge-
netic elements, trans-
posase, carbohydrates 
assimilation

tRNA-selC AY857617(53.2kb, com-
plete PAI)

3 espC PAI Escherichia coli
E2348/69

EspC, ORF3, Entero-
toxin

ssrA 
(potential 
regulatory 
10Sa RNA 
molecule)

AF297061(15.2kb, com-
plete PAI)

4 ETT2 Escherichia coli 
789

Type III secretion 
system

Not pub-
lished

DQ077151 (11.5kb)

5 GimA Escherichia coli 
RS218

IbeRAT, GcxKRCI 
(glyoxylate pathway), 
CglDTEC (glycerol 
metabolism), PtnIP-
KC (PTS system)

yjiD/ujiE AF289032 (20.3kb)

6 HPI Escherichia coli
3172/97

Siderophore yersini-
abactin biosyn-
thetic gene cluster 
(ybtS/Q/A/U/T/E, 
irp2/1), fyuA

tRNA-asnT AJ245584 (1.3kb)

7 HPI Escherichia coli 
536

intB; P4-like integrase 
from high-pathoge-
nicity island (HPI)

tRNA-asn GQ903054 (0.8kb)

8 HPI Escherichia coli
5720/96

Siderophore yersini-
abactin biosyn-
thetic gene cluster 
(ybtS/Q/A/U/T/E, 
irp2/1), fyuA

tRNA-asnT AJ245585 (0.9kb)

85 LEE Escherichia coli 
11128

LEE, T3SS machin-
ery,espBFGHLZ, tir, 
map

tRNA-pheV NC_013364_P1(54.1kb, 
complete PAI in the 
sequenced genome)

86 LEE Escherichia coli 
11368

LEE, T3SS machin-
ery,espBFGHL, tir, 
map

tRNA-pheU NC_013361_P1(58.7kb, 
complete PAI in the 
sequenced genome)

87 LEE Escherichia coli 
12009

LEE, T3SS ma-
chinery,espBFGH-
KLMOZ, tir, map

tRNA-pheV NC_013353_P1(87.4kb, 
complete PAI in the 
sequenced genome)
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88 LEE Escherichia coli 
172

Type III secretion 
system, translocation 
of  Tir, adherence of  
EHEC to epithelial 
cells, Eae

tRNA-selC AF041809 (2.4kb)
AF041810 (1.1kb)

89 LEE Escherichia coli 
71074

Enterocyte efface-
ment pathogenicity 
island locus (LEE)

- GQ338312 (44.1kb)

90 LEE Escherichia coli 
83/39

Type III secretion 
system, translocation 
of  Tir, adherence of  
EHEC to epithelial 
cells(efa1/lifA), 
Shet-2 enterkotox-
in(senA),eae, ser, ces, 
esc, tir, sep, esp

tRNA-pheU AF453441(60.4kb, 
complete PAI)

91
LEE

Escherichia coli
84/110-1

Type III secretion 
system, translocation 
of  Tir, adherence of  
EHEC to epithelial 
cells, Eae

tRNA-pheV AF453442 (10.7kb)
AF461393 (5.4kb)
AF461394 (1.9kb)
AY082443 (3.8kb)

97 LEE Escherichia coli
ATCC43895

Type III secretion 
system, translocation 
of  Tir, adherence of  
EHEC to epithelial 
cells, Eae

tRNA-selC AF071034(45.3kb, 
complete PAI)

112 LEE Escherichia coli 
RDEC-1

Type III secretion 
system, translocation 
of  Tir, adherence of  
EHEC to epithelial 
cells, Eae

IS2/lifA AF200363(37.9kb, 
complete PAI)

113 LEE Escherichia coli
RW1374

Type III secretion 
system, translocation 
of  Tir, adherence of  
EHEC to epithelial 
cells, Eae

tRNA-pheV AJ303141 (112.9kb)

114 LEE II Escherichia coli
413/89-1

Type III secretion 
system, Eae

tRNA-pheU AJ277443 (60.1kb)
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115 LIM Escherichia coli 
B171-8

bfpT-regulated chap-
erone-like protein 
(trcA)

potB AB016764 (6.5kb)

116 ETT2 Escherichia coli
O157:H7 
Sakai

Type III secretion 
system

tRNA-Gly NC_002695_P1(27.5kb, 
complete PAI in the 
sequenced genome)

117 LPA Escherichia coli
4797/97

EspI, BtuB, Iha tRNA-selC AJ278144(37.7kb, com-
plete PAI)

118 Not 
named

Escherichia coli 
APEC O1

tkt1 metE and 
ysgA genes 
of  the E. 
coli K12 
genome.

NC_008563_P5(15.3kb, 
complete PAI in the 
sequenced genome)

119 Not 
named

Escherichia coli 
C72

Uropathogenic-specif-
ic protein (USP)

aroP-pdhR 
locus

AB056440 (5.5kb)

120 Not 
named

Escherichia coli 
E25

Uropathogenic-specif-
ic protein (USP)

aroP-pdhR 
locus

AB056435 (2.3kb)

121 Not 
named

Escherichia coli 
Ec222

Vacuolating auto-
transporter toxin (Vat)

tRNA-thrW AY151282(22.1kb, 
complete PAI)

122 Not 
named

Escherichia coli 
P17

Uropathogenic-specif-
ic protein (USP)

aroP-pdhR 
locus

AB056437 (3.3kb)

123 Not 
named

Escherichia coli
UMN026

shiA homolog, aero-
bactin siderophore

tRNA-Phe NC_011751_P1(57.3kb, 
complete PAI in the 
sequenced genome)

124 Not 
named

Escherichia coli 
Z13

Uropathogenic-specif-
ic protein (USP)

aroP-pdhR 
locus

AB056438 (4.0kb)

125 Not 
named

Escherichia coli 
Z16

Uropathogenic-specif-
ic protein (USP)

aroP-pdhR 
locus

AB056439 (4.0kb)

126 Not 
named

Escherichia coli 
Z25

Uropathogenic-specif-
ic protein (USP)

aroP-pdhR 
locus

AB056436 (3.3kb)

127 Not 
named

Escherichia coli 
Z42

Uropathogenic-specif-
ic protein (USP)

aroP-pdhR 
locus

AB056434 (13.2kb)

139 OI-122 Escherichia coli
O157:H7 
EDL933

Two non-LEE effec-
tor (Nle) molecules 
that are secreted by 
the LEE type III 
secretion system

tRNA-pheV NC_002655_P4(22.9kb, 
complete PAI in the 
sequenced genome)

146 OI-122 Escherichia coli
O157:H7 
EDL933

Non-LEE-encoded 
effector genes nleG2-
3, nleG6-2, and 
nleG5-2

- NC_002655_P3(9.2kb, 
complete PAI in the 
sequenced genome)

147
PAI 
I4787

Escherichia coli 
4787

P fimbriae (F165_1 
fimbraie; foo operon)

tRNA-pheU AY560911 (5.3kb)
AY560912 (4.5kb)

148 PAI I536 Escherichia coli 
536

Alpha-hemolysin, 
fimbriae, adhesins

tRNA-selC AJ488511(76.9kb, com-
plete PAI)

  Supplementary Material 

3

112



149 PAI I 
APEC-01

Escherichia coli 
APEC O1

P pilus(pap oper-
on), siderophore 
receptor(ireA), 
invasion determinant 
gene(tia),capsule 
biosynthesis(kps gene 
cluster)

tRNA-pheV DQ095216(66.8kb, 
complete PAI)

151  PAI I 
CFT073

Escherichia coli
CFT073

Alpha-hemolysin, 
P-fimbriae, aerobactin

tRNA-pheV AF003741 (2.0kb)
AF003742 (3.0kb)
AF081283 (10.2kb)
AF081284 (3.7kb)

152 PAI I 
CFT073

Escherichia coli
CFT073

Alpha-hemolysin, 
P-fimbriae, aerobactin

tRNA-pheV NC_004431_P1(44.6kb, 
complete PAI in the 
sequenced genome)

153 PAI I 
CL3

Escherichia coli
 CL3

Putative hemolysin/
adhesin cluster

close to a 
tRNA gene

AY275838 (27.3kb)

154  PAI II 
4787

Escherichia coli 
4787

F1C fimbriae(F165_2 
fimbraie; fot operon), 
partial micocin M 
operon, partial iroBC-
DEN operon

tRNA
-proA/yagU

AY560913 (0.9kb)
AY560914 (5.3kb)
AY560915 (3.6kb)
AY560916 (2.2kb)

155 PAI II536 Escherichia coli  
536

Alpha-hemolysin, 
P-fimbriae, Hekadhes-
in, hemagglutinin-like 
adhesins

tRNA-leuX AJ494981(102.3kb, 
complete PAI)

156 PAI II 
APEC-01

Escherichia coli 
APEC O1

- tRNA-Asp NC_008563_P1(29.7kb, 
complete PAI in the 
sequenced genome)

157 PAI 
IICFT073

Escherichia coli
CFT073

P-fimbriae, iron-
regulated genes

tRNA-pheU AF447814(71.7kb, 
complete PAI)

158 PAI II 
CFT073

Escherichia coli
CFT073

P-fimbriae, iron-
regulated genes

tRNA-pheU NC_004431_P2(58.3kb, 
complete PAI in the 
sequenced genome)

159 PAI 
III536

Escherichia coli 
536

S-fimbriae, iron 
siderophore system, 
Sap adhesin, TSH-like 
hemoglobin protease, 
HmuR-like heme 
receptor

tRNA-thrW X16664 (75.8kb, com-
plete PAI)

160 PAI III 
APEC-
vat01

Escherichia coli 
APEC O1

vat tRNA-Thr NC_008563_P2(19.3kb, 
complete PAI in the 
sequenced genome)

161  PAI 
IV536

Escherichia coli 
536

Siderophore synthesis, 
iron uptake

tRNA-asnT AF135406 (4.0kb)
AF136296 (3.9kb)

162 PAI IV 
APEC-01

Escherichia coli 
APEC O1

Yersiniabactic operon tRNA-Asn NC_008563_P3(77.7kb, 
complete PAI in the 
sequenced genome)

163 PAI V536 Escherichia coli 
536

K15 capsule tRNA-pheV AJ617685(105.8kb, 
complete PAI)
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164 PAI I 
AL862

Escherichia coli 
AL862

pathogenicity island 
PAI-I complete 
sequence

tRNA-pheR GQ497943(59.1kb, 
complete PAI)

165 PAI I 
AL862

Escherichia coli 
AL862

Afimbrial AfaE-VIII 
adhesin, ribose me-
tabolism, PTS system

tRNA-pheR AF072900 (12.1kb)
AF286670 (4.3kb)
AF286671 (1.5kb)

166 SE-PAI Escherichia coli 
ED 32

putative homolog to 
shiA (SHI-2 patho-
genicity island of  
Shigella flexneri)

pheV JQ994271 (8.1kb)

167 TAI Escherichia coli 
86-24

Iha (IrgA homologue 
adhesin), tellurite 
resistance(TlpA-D)

tRNA-ser AF126104 (8.0kb)

168 TAI Escherichia coli
O157:H7 
EDL933

OI-43 and OI-48 are 
duplicates, encoding 
tellurite resistance 
(Ter) and the putative 
adhesin Iha and are 
therefore called Ter- 
and adherence-con-
ferring islands (TAIs)

tRNA-serW NC_002655_P1(87.5kb, 
complete PAI in the 
sequenced genome)

169 TAI Escherichia coli
O157:H7 
EDL933

OI-43 and OI-48 are 
duplicates, encoding 
tellurite resistance 
(Ter) and the putative 
adhesin Iha and are 
therefore called Ter- 
and adherence-con-
ferring islands (TAIs)

tRNA-serX NC_002655_P2(87.5kb, 
complete PAI in the 
sequenced genome)
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S.3. Plasmid, multidrug-resistance and ESBL profiles and results of 
statistical analysis.
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5332 ST131 O25:H4 blaCMY-2 + - - F2:A-:B1 +

7018 ST131 O25:H4 - + - + F2:A1:B- +

7104 ST131 O25:H4 blaKPC-2 + - - F-:A2:B20 +

9260 ST131 O25:H4 blaCTX-M-15 + - - F31:A4:B1 +

3218 ST131 O25:H4 blaKPC-2 + - - F-:A2:B20 +

9581A ST131 O25:H4 blaCTX-M-15 + - + F2:A-:B- +

x5770d ST131 O25:H4 blaCTX-M-15 + - + F31:A4:B1 +

x6638 ST131 O25:H4 blaCTX-M-15 + - + F2:A1:B- +

1294D ST131 O25:H4 blaKPC-2 + + - F1:A2:B20 +

2102 ST131 O25:H4 blaCTX-M-15 + - + F2:A1:B- +

1710D ST131 O25:H4 blaCTX-M-15 + - + F31:A4:B1 +

3528 ST131 O25:H4 - - - - F1:A2:B- +

9533D ST131 O25:H4 blaCTX-M-15 + - + F31:A4:B1 +

7078 ST131 O25:H4 - - - - F1:A2:B20 +

9893 ST131 O25:H4 blaKPC-2 + - - F-:A2:B20 +

7974 ST131 O25:H4 blaCTX-M-2 + - - F18:A6:B8 +

4233 ST131 O25:H4 blaKPC-2 + - - F1:A2:B20 +

5420 ST131 O25:H4 blaCTX-M-14 + - + F12:A1:B- +

2478 ST131 O16:H5 - - - - F29:A-:B10 +

4006 ST131 O16:H5 - - - - F29:A-:B10 +

5976 ST131 O25:H4 - + - - F1:A2:B20 +

2206 ST131 O25:H4 blaCTX-M-15 + - + F2:A1:B- +

8565 ST131 O25:H4 - + - - F1:A2:B20 +

x2724 ST131 O25:H4 - + - - F2:A1:B- +

6202 ST131 O25:H4 - + - - F1:A2:B20 +

5848 ST131 O25:H4 blaCMY-2 + - - F2:A-:B1 +

2993 ST648 O1:H6 blaCTX-M-3 + - - F1:A1:B1 +

1843 ST648 O1:H6 blaCTX-M-15 + - + F1:A1:B1 +

0107D ST648 O1:H6 - + - F1:A1:B1 +

x2986 ST648 O1:H6 blaCTX-M-15 + - + F1:A1:B1 +

7002 ST648 O1:H6 blaCTX-M-15 + - + F1:A1:B1 +

6022 ST648 O1:H6 blaCTX-M-15 + - + F1:A1:B1 +

x6050 ST405 O102:H6 blaCTX-M-15 + - - F2:A-:B10 +

9602 ST405 O102:H6 blaCTX-M-15 + - - F2:A-:B10 +
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6161 ST405 O102:H6 blaCTX-M-15 + - - F2:A-:B10 +

2877 ST405 O102:H6 blaCTX-M-15 + - - F2:A-:B- +

2445A ST69 O17/O44:H18 - - - - F31:A4:B1 +

605 ST69 O17/O77:H18 blaCTX-M-8 + + - F29:A-:B10 +

7719 ST69 O17/O77:H18 - - - - F29:A-:B10 +

864 ST69 O15:H18 - - - - None -

2441 ST69 O17/O77:H18 - + + - F1:A1:B66 +

666 ST69 O15:H2 - + - - F2:A-:B10 +

9715 ST69 O25:H18 - - - - F36:A4:B1 +

108 ST69 O45:H45 - - - - F29:A-:B10 +

4953 ST69 O17/O44:H18 - - - - F36:A4:B1 +

3052 ST73 O22:H1 - - - - None -

9492 ST73 O6:H1 - - - - None -

7348 ST73 O6:H1 - - + - None -

2723A ST73 O6:H1 - - - - None -
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S. 4. Distribution of  genomic island II (GI-II) among ST131 and non-
ST131 isolates including isolates that belongs to phylogenetic groups A
and B1
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Abstract  

Urinary tract infections (UTIs) caused by multidrug-resistant E. coli have become a major 
medical concern. With only few treatment options left, old antibiotics such as fosfomycin 
have become an alternative therapy option and, due to its effectiveness, fosfomycin is 
now used as a first line drug for the treatment of UTIs. Despite low resistance rates, fos-
fomycin heteroresistance, defined as a phenomenon where subpopulations of bacteria 
are resistant to high antibiotic concentrations, whereas most of  the bacteria are suscep-
tible, is an underestimated problem. Here we studied the frequency of  heteroresistance 
in E. coli isolated from hospitalized patients in Brazil, its effect on the susceptibility of 
E. coli in biofilms and molecularly characterized the isolates to reveal the mechanisms 
behind their fosfomycin heteroresistance using whole genome sequencing. A higher fre-
quency of  fosfomycin heteroresistance compared to other studies was found. In bio-
films, most heteroresistant isolates were less sensitive to fosfomycin than control isolates 
and showed overexpression of  metabolic genes thereby increasing their survival rate. 
Molecular characterization showed that some resistant subpopulations derived from het-
eroresistant isolates had a defect in their fosfomycin uptake system caused by mutations 
in transporter and regulatory genes, whereas others overexpressed the murA gene. No or 
minor effects on bacterial fitness were observed. Oxidative stress protective, virulence 
and metabolic genes were differentially expressed in resistant subpopulations and heter-
oresistant isolates. The frequent detection of  heteroresistance in UTIs may play a role 
in the failure of  antibiotic treatments and should therefore more carefully be diagnosed.
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heteroresistance.
molecularly characterized the isolates to reveal the mechanisms behind their fosfomycin 
hospitalized patients in Brazil, its effect on the susceptibility of E. coli in biofilms and 
lacking.  Here  we  studied  the  frequency of heteroresistance  in E.  coli isolated  from 
treatment  of UTIs.  Still,  information about  fosfomycin  heteroresistance  is  largely 
the murA gene  [15],[12]. Clearly,  it  is  clinically  important  and  has  an  effect  on  the 
Heteroresistance  to  fosfomycin has been described to be associated with mutations in 
survive but  can  also  grow  in  the  presence  of antibiotics  [13],  [14]  [12]. 
from antibiotic persistence, heteroresistance is non-reversible, and bacteria do not only 
concentration  (MIC),  whereas  the  majority  of the  bacteria  is  susceptible.  Different 
grow  in  the  presence  of antibiotic  concentrations  higher  than  the  minimal  inhibitory 
Heteroresistance can be defined as the presence of subpopulations of bacteria able to 

infections has been previously described [9],[11],[12].
association  between  antibiotic  heteroresistance  and  treatment failure  and  recurrent 
UTIs.  Even  though  heteroresistance  is  rarely  observed during  UTI  treatment,  an 
whereas fosfomycin resistance is described in vitro, it is rarely seen during treatment of 
since resistant strains are outcompeted by their non-resistant counterparts [6]. Indeed, 
This is the main reason why resistance to fosfomycin remains  low  in  the  population, 
however, can cause resistance to fosfomycin, usually coinciding with high fitness cost. 
in  bacteria,  such  as  mutations  in  the glpT and uhpT transporter,  and murA genes, 
women[8],[9], because of  its high effectiveness and low toxicity.[10] Genetic alterations 
considered  as  a  first-  line  agent  for  the treatment  of acute  uncomplicated  cystitis  in 
countries  including  Brazil  for  the treatment  of uncomplicated  UTIs  and  is  currently 
acetylglucosamine  enolpyruvyl transferase  [5],  [7]  [6].  Fosfomycin  is  used  in  several 
precursor  of peptidoglycan, by  inhibiting  the murA gene  encoded  enzyme  UDP-N- 
peptidoglycans synthesis and inhibits  the  formation  of UDP-N-acetylmuramic  acid,  a 
[6].  It  inhibits  the  cell wall  synthesis,  interferes  with  the  first  cytoplasmic  step  of 
bacterial cell through two  sugar  phosphorylated  transport  systems  (GlpT  and  UhpT)
alternative  to treat  infections  caused  by  MDR-  bacteria  [5].  Fosfomycin  enters  the 
coli [2],[3],[4].  In  the  last  years,  old  drugs,  including  fosfomycin,  are  used  as  an 
infections  is  a  challenge,  especially  when  caused  by  multidrug  resistant  (MDR) E. 
nity  and  hospital-acquired  urinary  tract  infections  (UTIs)[1].  The  treatment  of these 
Uropathogenic Escherichia  coli (UPEC)  is  the  main  etiological  agent  causing  commu- 

Introduction



Results and Discussion

Despite of  fosfomycin being a good treatment option for infections caused by MDR 
E.coli [16],[17],[18],[10], the rise of fosfomycin heteroresistant bacteria is an underes-
timated problem. Here, we investigated the frequency of  fosfomycin heteroresistance 
among 66 MDR E. coli isolates obtained from urine of patients admitted to hospitals in 
Rio de Janeiro. Initially, 13 isolates were identified as heteroresistant, as they had small 
colonies growing within the inhibition zone. Heteroresistance was confirmed by pop-
ulation analysis profiling (PAP) (Figure 1A and Figure 1B) for only 6 isolates and the 
other 7 were therefore considerate non-heteroresistant. Despite low MICs to fosfomycin 
(Table 1) there were more resistant subpopulations present that could grow in the pres-
ence of  up to 300 mg/L of fosfomycin (Figure 1A). In our study, a frequency of  9%
heteroresistant E. coli was found, which was higher than the frequency of  around 3%
reported by others [12],[19],[20]. However, comparing studies is difficult, as there is no 
standard measure to define a heteroresistant population, which may lead to false-positive 
or false-negative identification of heteroresistance [15]. Nevertheless, we hypothesize 
that the frequency and clinical relevance of heteroresistance is currently underestimated. 
Resistant subpopulations remained resistant after one week of  culturing without antibi-
otics indicating that the phenotype is stable (Figure 1C). In addition, ESBL production 
has been described as a risk factor for resistance to fosfomycin in Enterobacteriacea [5] 
and indeed 50% of our heteroresistant isolates were ESBL-producers (Table 1). Further-
more, they originated from different hospitals and belonged to different clonal groups 
(Table 1), indicating heteroresistance was not associated with a specific clone or hospital 
and may evolve rather spontaneously.
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Isolates ESBL2

(Yes/No)
MLST3 Heteroresistant 

profile
(Yes/No)

Growth in M9 
plates
(Yes/No)

Fosfomycin 
MIC1

(mg/L)

Hospital

On 
G3P4

On 
G6P5

5770d Yes ST131 No Yes Yes 0.38 HRL6

3218 Yes ST131 Yes Yes Yes 0.38 HUPE7

1710D Yes ST131 No Yes Yes 0.5 HRL

9893 Yes ST131 No Yes Yes 0.25 HRL

9581A Yes ST131 Yes Yes Yes 0.25 HRL

666 No ST69 Yes Yes* Yes* 0.25 HUPE

7719 No ST69 No Yes Yes 0.25 HUPE

6050 Yes ST405 No Yes Yes 0.064 HRL

2877 Yes ST405 Yes Yes Yes 0.64 HUPE

7198 Yes ST1703 Yes Yes Yes 0.75 HRL

421 Yes ST1703 No Yes Yes 0.5 HRL

1469 No ST617 Yes Yes** Yes** 1 HRL

1MIC, minimal inhibitory concentration; 2ESBL, Extended Spectrum Beta-Lactamase; 3MLST, 
Multilocus sequence typing; 4G3P, sn-glycerol-3-phosphate; 5G6P, glucose-6-phosphate; 6HRL, 
Rio-Laranjeiras Hospital 7HUPE, University Hospital Pedro Ernesto; *indicates the isolates that 
growth only after 72h and **indicates the isolate that growth only after 96h.
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Table 1. Characteristics of  fosfomycin heteroresistant and reference isolates.

(3218UP)after 1 week without any antibiotic showing the persistence of  resistance.
3218)showing  colonies  inside  the  halo  and, (C) the  E-test  for  the  same  resistant  subpopulation  
green the positive control (fosfomycin resistant isolate 708). (B) An example of  an E-test (isolate  
ysis  profiling  (PAP) of E. coli isolates  (A), in  red  the  negative  control  (ATCC25922) and  in  
Figure 1. Heterogeneous response of Escherichia coli isolates to fosfomycin. Population anal- 



Resistance to fosfomycin has been associated with a reduced permeability of  the bacte-
rium to it, in most cases due to mutations in genes encoding for the sn-glycerol-3-phos-
phate transporter (GlpT) and glucose-6-phosphate transporter (UhpT) proteins [7]. To 
investigate if these proteins were involved in the fosfomycin heteroresistance profile, 
bacterial growth was assessed on minimal medium agar supplemented with sn-glyc-
erol-3-phosphate (G3P) and glucose-6-phosphate (G6P), the substrates for GlpT or 
UhpT, respectively. The results showed that all isolates were able to grow using 
both carbohydrate sources (Table 1). However, growth rates were decreased in isolates 
666 and 1469, and colonies were only visible after 96h and 72h, respectively. This may 
result in a possible loss in GlpT and UhpT activity, and could result in a reduction of 
fosfomycin uptake as showed by previous studies [21],[9],[22].

Therefore, we decided to investigate the intracellular concentration of fosfomycin by our 
heteroresistant isolates as a measure for fosfomycin uptake. The resistant 
subpopulations of isolates 666 and 1469 presented with a statistically significantly lower 
concentration of  intracellular fosfomycin compared to their heteroresistant 
populations. Surprisingly, this was also observed for the resistant subpopulations of 
isolates 2877 and 7198 (Figure 2). The resistant subpopulations of  isolates 666 and 
1469 may be less effective in their fosfomycin uptake due to the loss of  function of 
their GlpT and UhpT transporter proteins as they showed a decreased growth rate on 
minimal medium agar supplemented with G3P and G6P. However, the mechanism for 
the decrease in the active intracellular fosfomycin concentration in the 2877 and 7198 
resistant subpopulations is not clear. We hypothesize that in the 7198 and 2877 
resistant subpopulations mutations in genes encoding for regulatory proteins, that 
control the expression of  fosfomycin transporters and cAMP levels, both involved in 
fosfomycin uptake, are involved in the observed decrease of  intracellular fosfomycin.

Subsequently, we investigated if  genes known to be associated with fosfomycin resistance 
were associated with heteroresistance. The nucleotide sequences and corresponding ami-
no acid sequences of  the two transporter (uhpT and glpT), the fosfomycin intracellular tar-
get (murA) and regulatory genes that control the expression of  the transporters and cAMP 
levels (ptsI, cyaA, uhpA, uhpC and uhpB) of  the heteroresistant population and resistant 
subpopulations of  all isolates were compared to genetically closely related non-heterore-
sistant isolates collected in the same period. PROVEAN analyses of WGS data showed 
mutations in glpT and uhpC genes leading to the deleterious amino acid substitutions 
shown in Table 2. In the resistant subpopulation 7198, these substitutions are located in 
conserved regions of  the UhpC and GlpT proteins potentially affecting their function.  
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sistance  was  associated  with  different  molecular  mechanisms  in  different  isolates.
ly  suggest  that  there  is  no  common  genetic  basis  for  heteroresistance,  as  heterore- 
murA gene  (Table  2;  supplementary  data  S1.1,  S1.2  and  S1.3).  These  results  strong- 
mature  stop  codon.  In  contrast,  none  of   the  tested  isolates  had  mutations  in  the 
the  resistant  population  of   3218  had  a  mutation  in  the uhpB gene  resulting  in  a  pre- 
substitution  in  the  GlpT  protein  and  a  frameshift  mutation  in  the uhpB gene  and 
ed  for  enterohemorrhagic E.  coli.[23]  The  resistant  subpopulation  of   9581A  had  a 
Mutations  in  this  protein  related  to  fosfomycin  resistance  were  previously  report- 
population  had  an  insertion  of   six  amino  acids  in  the  UhpT  protein  (Table  2). 
quence  (P58del,  D59del,  I60del,  S61del  and  G62del)  and  the  1469  resistant  sub- 
glpT gene  and  a  deleterious  deletion  of   five  amino  acids  in  the  UhpA  protein  se- 
2).  The  resistant  subpopulation  of   isolate  666  had  a  frameshift  mutation  in  the 
gene  were  revealed  that  may  result  in  early  termination  of   transcription  (Table 
In  the  resistant  subpopulation  of   isolate  2877  frameshift  mutations  in  the uhpC 

controls.
terpart. The strains ATCC25922 and 042 known to be susceptible to fosfomycin were used as 
significant difference (p<0.05) between the heteroresistant isolate compared to its resistant coun- 
per 107 cells. Data plotted are the means for three independent tests, the * indicate a statistically 
suffix UP. Accumulation among these isolates is given as the amount of  fosfomycin (nanograms)
tion of  fosfomycin in heteroresistant isolates and their resistant subpopulations indicated with the 
Figure 2. Intracellular accumulation of  fosfomycin concentrations. Intracellular accumula- 



Table 2. Amino acid substitutions in the target, transporter, and regulatory proteins of  
fosfomycin heteroresistant isolates.  

Resistant 
subpopulations

MurA GlpT UhpT UhpA UhpB UhpC PtsI

666UP None Q134# None P58del, 
D59del, 
I60del, 
S61del 
and
G62del

None None None

1469UP None None G177L
(Insertion 
of  6 ami-
no acids)

None None None None

7198UP None L255Q None None None S332L None

3218UP None None None None L362* M346# None

2877UP None None None None None None None

9581AUP None D88E None None E409H* None None

Amino acids substitutions present in the resistant subpopulations after comparation with heter-
oresistant isolates, their genetic closely isolates and control strain 042. The # indicates frameshift 
mutations and the* indicates a stop codon. The underlined amino acid substitutions indicate a 
deleterious effect in the protein structure.
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RNA-sequencing revealed differences in the expression levels of  several genes in 
the heteroresistant isolates and their resistant subpopulations (Figure 3). Overall an 
overexpression of  the murA gene was found in the resistant subpopulation 
compared to the heteroresistant isolate (supplementary data S.2). This was confirmed 
by qRT-PCR that showed an 80.851±95.34-fold (p=0.0001), 8.975±4.95-fold 
(p=0.0001) and 9.791±3.77-fold (p=0.0001) overexpression of  the murA gene in the 
resistant subpopulations of isolates 3218, 2877 and 7198, respectively. However, no 
statistical differences were found for the 666, 9581A and 1469 resistant subpopulations 
(Figure 4). In contrast, other genes known to be associated with fosfomycin uptake 
and regulation showed no significant difference in their expression levels. 
Notwithstanding, several other genes were statistically significantly lower- or 
overexpressed in the resistant subpopulations compared to the heteroresistant isolates 
(Supplementary data S.2). Among the overexpressed genes, many encode for 
uncharacterized or hypothetical proteins, genes activated during environmental stress, 
including the multidrug transporter ABC gene, oxidative stress protective genes (lexA 
and rexB), MFS transporter and porin genes, as, e.g., mdtA. Interestingly, it is known 
that the ABC transporter protein in the E. coli K-12 strain confers increased resistance 
to fosfomycin and that mdtA upregulation was described to result in multidrug 
resistance. [24], [25] The ilvB and adeQ genes were lower expressed in the resistant 
sub-populations. Interestingly, a previous study showed deletion of  these genes in 
fosfomycin resistant isolates.[19] Indicating that also genes not involved in fosfomycin 
uptake may be involved in the heteroresistant profile. In addition, some virulence 
genes were lower expressed among the resistant subpopulation than in the 
heteroresistant isolates, as hlyE (hemolysin E), fepE (enterobactin), while other 
virulence genes as nlpD (associated to invasion), clsB (involved in biofilm formation),
[26] prfB (adhesin) were overexpressed (supplementary data S.2). We hypothesized that 
the differential expression of  virulence genes between heteroresistant isolates and 
their resistant subpopulations may be a survival mechanism for the bacteria in the 
presence of  high concentrations of  fosfomycin.
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lates  and  the  purple  line  indicates  the  group  of   their  corresponding  resistant  subpopulations
er  gene  expression.  The  yellow  line  indicates  the  group  formed  by  the  heteroresistant  iso- 
suffix UP are the resistant subpopulations. The red to blue gradient indicates a higher to low- 
their  resistant  subpopulations.  RNA  sequencing  results  of E.  coli isolates,  the  isolates  with 
Figure  3.  Gene  expression  in  fosfomycin  heteroresistant Escherichia  coli isolates  and 



Figure 4. Relative murA gene expression in Escherichia coli heteroresistant isolates 
and resistant subpopulations. The gene expression was calculated using Ct values with 
95% of confidence. * indicates statistically significant differences (p<0.05) when compar-
ing the heteroresistant isolates and their resistant subpopulations (indicated by the suffix UP).

Mutations thought to be involved in the resistance to fosfomycin are reported to be 
present at low frequencies as they come at high fitness cost [27],[7],[28],[29]. Hence, 
we decided to determine the individual fitness of the heteroresistant isolates and their 
resistant subpopulations. No significant reduction of fitness was observed between the 
heteroresistant isolates and their resistant subpopulation, except for 2877 (Figure 5). 
As previously described the overexpression of  the murA gene comes with low fitness 
cost [27]. In addition, isolates that did not overexpress the murA gene, but have 
mutations in the glpT and uhpT genes also did not appear to have a decreased 
fitness, similar to previous studies performed with P. aeruginosa.[30],[31] (see 
supplementary data S.5 for the growth rates of  all isolates). The overexpression of  the 
murA gene leading to fosfomycin heteroresistance is particularly of  risk in O25-ST131 
isolates, belonging to a high virulent and MDR lineage, and frequently causing UTIs 
and bloodstream infections [32]. If  fosfomycin is considered as alternative drug to 
treat UTIs caused by such isolates this may eventually lead to an increase in 
antimicrobial resistance to fosfomycin [32].
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difference (p<0.05).
All tests were  performed  three  times  in  duplicate  and  the ** indicates  a  statistically  significantly  
wavelength  of 620nm at the two reading time points (R1 and R2) and T equals the time in hours. 
[(R2- R1)/ΔT] **2.303, where  R  equals  the  log  of  the  converted  optical  density  reading  at  a  
max- imum growth rate at two different reading time points, with the growth rate calculated as  
isolates  and  their  resistant  subpopulations  (indicated  by  UP). The  fitness  was  measured  as  the  
Figure  5.  Individual  itness test. The  test  comparing  the  fitness between  the  heteroresistant 



Figure 6. Susceptibility of biofilms to fosfomycin formed by heteroresistant Esche-
richia coli isolates and their resistant populations. (A) Volume of biofilm biomass after 
24h of  exposure to 2000mg/L of  fosfomycin for six heteroresistant isolates and their 
resistant subpopulations. (B) Viability of the biofilm. UP after the sample name indicates the 
isolate belongs to the resistant subpopulation. The * indicates a statistically significantly 
difference (p<0.05). Strains ATCC25922 and 042 showed before the dotted line were used 
as controls.
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Fosfomycin used alone or combined with other drugs is known to be efficient against 
biofilms [33],[34]. In our study, we investigated whether a heteroresistant profile can 
affect the susceptibility of biofilms to fosfomycin. Our results showed that fosfomycin 
was able to reduce the biofilm production for all isolates tested. However, the reduction 
in biomass was only statistically significantly different for three of six heteroresistant 
isolates investigated (666, 7198 and 3218) and their resistant subpopulations (Figure 
6A). In addition, fosfomycin seems to be able to reduce the viability of biofilms of 
most isolates (five of six), since the number of viable cells after treatment was 
significantly reduced by fosfomycin for most isolates (Figure 6B). However, for three 
of  the sixteen isolates, the biofilm viability showed no significant difference after 
fosfomycin treatment (9581A, 3218 and 7198) (Figure 6B). These results indicate that a 
heteroresistant profile can affect the efficiency of fosfomycin against biofilm formation. 
This is of clinical relevance and underlines the importance of biofilms for UTI, since 
isolates forming biofilm inside the urothelial cells and on the surface of  medical 
devices[35] are associated with recurring infections and catheter-associated UTIs [36]. 
In addition, the viability of biofilm to heteroresistant isolates 7198 and 9581A was 
higher than for the control strains (042 and ATCC25922), showing their capacity to 
survive inside biofilms in the presence of high concentrations of  fosfomycin. The 
capacity of  heteroresistant isolates and their resistant subpopulation to form biofilms 
also indicate that the bacterial fitness cost is not high.

In summary, fosfomycin is being used as a first line drug to treat uncomplicated UTIs, 
as an alternative treatment option or as combinational drug to treat numerous infections 
caused by MDR bacteria. The emergence of  antibiotic resistance to clinically important 
antibiotics together with the decline in the number of  newly developed antibiotics 
can increase the need to use this antibiotic. To safeguard future, the acquisition of 
fosfomycin resistance and heteroresistance should therefore be investigated. Here we 
identified different molecular mechanisms that can lead to fosfomycin heteroresistance, 
indicating that there are bacteria capable to growth in the presence of high fosfomycin 
concentration in these Brazilian hospitals without being detected by conventional 
antimicrobial screening. Besides, the impact of heteroresistance in relation to the 
patient’s outcome and treatment needs to be further assessed, the presence of  these 
heteroresistant isolates is alarming. Further knowledge of  the molecular mechanisms 
causing heteroresistance could improve the recommendations for the future use of 
fosfomycin in bacterial infections. Until then, the heteroresistant profiles may persist 
in the population being either a step towards the evolution resistance or an 
alternative mechanism to survive in the presence of  antibiotic without the need to 
acquire resistant genetic resistance, which comes with a high fitness cost. Considering 
the ability of the isolates studied in our investigation to express resistance/
heteroresistance while continuing to produce biofilms, heteroresistance combined with 
biofilm formation might be sufficient for strains 
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Bacterial isolates and susceptibility assays

E.coli isolates (n=66) were obtained from urine samples of  66 patients hospitalized in Rio 
de Janeiro, Brazil between November 2015 and November 2016. E. coli K-12 MG1655 
(GenBank: CP025268) was used as reference strain for the bioinformatics analyses and 
as control strain in the accumulation of  active intracellular fosfomycin assay. MICs for 
fosfomycin were determined for each isolate in duplicate on separate days by E-tests 
(bioMérieux, Marcy l’Etoile, France). To reveal the stability of the heteroresistant pheno-
type, resistant colonies were cultivated without antibiotics for one week by plating them 
every 24h onto fresh blood-agar plates. Subsequently, an E-test was performed to assess 
their resistance profile according to EUCAST clinical breakpoints.

Obtaining fosfomycin resistant subpopulations

We obtain the fosfomycin resistant subpopulation of  each heteroresistant isolates using 
the E-test, by selecting colonies in the lower, medium and higher regions inside the 
halo formed after the 24h incubation. After picking these colonies, they were incubated 
in MHA without antibiotics and the E-test was repeated. From this second E-test, the 
resistant colonies inside the halo were selected and the procedure was repeated until we 
obtained the colonies that were considered to be completely resistant (colonies that did 
not form a halo) with a MIC higher than 1024 mg/l (Figure 7).

Population analysis profiling

Population analysis profiling (PAP) was performed to confirm the heteroresistance pro-
file. Isolates were cultured on blood-agar plates and colonies were transferred to tubes 
with a saline solution (0.9%) to obtain an optical density at 600 nm [OD600] of  0.7. Subse-
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to survive treatment with fosfomycin and cause recurrent infections. Especially in cath-
eter associated UTIs but also in other MDR infections including foreign materials and 
medical devices (e.g. prostheses) this is very problematic. The low or no fitness cost 
of  fosfomycin heteroresistance combined with under expression of  virulence factors 
and continuous biofilm formation might result in chronic device-associated infections.
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quently, serial dilutions were made (10-2 to 10-8). A 10µl aliquot of  each bacterial dilution 
was plated onto MHA plates supplemented with glucose-6-phosphate (25mg/ml), with 
fosfomycin in concentrations ranging from 0 to 400 mg/l (Media Products, Groningen, 
The Netherlands)[12]. After 24h and 48h incubation at 37oC, colonies were counted by 
eye. In addition, a modified PAP was performed by measuring bacterial growth after 
24h of  incubation in Müller-Hinton broth (MHB) supplemented with glucose-6-
phosphate by determining the optical density at 570 nm (OD570)[12]. The isolates were 
considered to be heteroresistant if  the difference between the lowest concentration of 
fosfomycin at which bacteria cannot grow and the highest fosfomycin concentration 
where the bacteria still can grow was ≥ 8-fold [37].

Figure 7. Obtaining fosfomycin heteroresistant isolates and their resistant subpopulations. 
Schematically representation of  isolation of  heteroresistant isolates (population A) and obtaining 
their resistant subpopulations (population B) and performing the susceptibility tests. The popula-
tion A obtained from the isolates were fosfomycin sensitive, using Vitek-2, but with colonies inside 
of  a halo. The population B was obtained using resistant colonies B (in the low part of  halo) and 
resistant colonies C (in the higher part of  the halo), these colonies were submitted to an E-test until 
population B was obtained that were fully resistant and unable to form a halo
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the reference genomes and normalization of  gene expression were performed by CLC
NextSeq  500/550  Mid  Output  v2  kit  (150  cycles,  paired-end)  from  Illumina.  Mapping 
manufacturer’s  instructions.  The  samples  were  sequenced  on  a  NextSeq  500  using  the 
cDNA  was  generated  using  the  Kapa  RNA  HyperPrep  kit  (Roche)  according  to  the 
Groningen,  The  Netherlands).  Bacterial  mRNA  was  fragmented,  and  double-stranded 
rRNA  was  removed  using  the  MICROBExpress  kit  (Ambion,  ThermoFisher  Scientific 
the  quality  was  assessed  using  the  Agilent  TapeStation  4200  (Agilent  Technologies). 
using a Qubit fluorometer (ThermoFisher Scientific, Groningen, The Netherlands) and 
Germany) according to the manufacturer’s specifications. Purified RNA was quantified 
profiles using RNA-seq. RNA was isolated using the miRNeasy kit from Qiagen (Hilden, 
populations differed in their gene expression, we compared their in vitro transcriptional 
To  test  the  hypothesis  that  fosfomycin  heteroresistant E.  coli and  their  resistant  sub- 

RNA isolation, sequencing and gene expression analysis

zones on the LB agar culture and presented in nanograms per 107 cells [38].
centrations in supernatants were quantified by measuring the diameter of the inhibitory 
overlaid with a 1:10 dilution of  an overnight culture of E. coli MG1655. Fosfomycin con- 
(10mm) were saturated with 0.1 ml of the supernatant and deposited onto LB agar plates 
the supernatant was determined by a disc diffusion assay. For this, sterilized assay discs
for 30 min to release the fosfomycin. After centrifugation, the antibiotic concentration in 
plated on LB agar to determine the number of CFU/ml. The other 400µl were sonicated 
move the antibiotic. Then cells were resuspended in 0.5 ml distilled water and 100µl were 
washed with hypertonic buffer (10mM Tris, 0.5mM MgCl2, 150mM NaCl, pH7.3) to re- 
at 37oC. The bacteria were then collected by centrifugation at 10,000 rpm for 5 min and 
glucose-6-phosphate and incubated in the presence of 2 mg/ml fosfomycin for 60 min 
washed  twice  with  fresh  LB  broth,  resuspended  in  1  ml  of MHB  supplemented  with 
concentration.  Bacterial  isolates  were  grown  in  20  ml  of Luria  Broth  (LB)  medium, 
Accumulation assays  were  performed  to  determine  the  intracellular  active  fosfomycin 

Accumulation of active fosfomycin

were incubated for 24-96h at 37oC and the number of colonies were counted by eye [28].
sn-glycerol-3-phosphate  (G3P;  Media  products,  Groningen,  The  Netherlands).  Plates 
(minimal medium) agar plates supplemented with 0.2% glucose-6-phosphate (G6P) or 
on plates with a single carbon source. Bacteria were serially diluted and cultured in M9
Carbohydrates  use  was  evaluated  by  the  capacity  of heteroresistant  isolates  to  grow 

Carbohydrates use
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(Ridom, Munster, Germany).
isolates (see supplementary data S.4) by uploading the sequences into SeqSphere (v5.1.0) 
MG1655,  with  their  resistant  subpopulations and  with  genetically  closely  related 
were  performed  comparing  the  genome of   heteroresistant  isolates  with  reference 
[42] was used to predict the functional effect of  amino acid substitutions. SNP analyses 
substitutions  were  investigated  using (Artemis,  ACT),  while  PROVEAN  v1.1  (USA) 
database  (Project  number PRJEB23420).  Nucleotide  mutations  and  amino  acid 
Aarhus, Denmark) as described previously[41]. Sequences were submitted to the ENA 
performed  using  the default  settings  of   CLC  genomics  workbench  v10.0.1  (Qiagen, 
run on a Miseq (Illumina) to generate 250bp paired-end reads. De novo assembly was 
XT  kit  (Illumina, San  Diego,  CA,  USA)  as  previously  described  [40].  Libraries  were 
genome sequencing. DNA was isolated, and libraries were prepared using the Nextera 
subpopulations and  genetically  closely  related  isolates  was  performed  using  whole 
Molecular  characterization  of   six  heteroresistant  isolates,  their  six  resistance 

Whole genome sequencing

data  S.3  to primers and probes used in this study).
amounts  of murA RNA  were  normalized  using  the rrsA gene  (see  supplementary 
the murA gene  were  calculated  using  the  comparative  Ct  method  where  relative 
run  and qRT-PCR reactions were performed in triplicate. Relative expression levels of 
Netherlands; Supplementary data S.1). Non-template controls were included for each 
murA designed  using  Primer  Express  v3.0  (Thermofisher Scientific,  Groningen,  The 
TaqMan qRT-PCR was performed using primers and probes specific for the rrsA and 
kit  from  New  England Biolabs  and  purified  using  QIAquick  (Hilden,  Germany). 
Netherlands), cDNA was produced using the first and second strand cDNA synthesis 
ter quantification using a Qubit fluorometer (ThermoFisher Scientific, Groningen, The 
Total  RNA  was  extracted  using  the  RNeasy  Mini  kit  Qiagen  (Hilden,  Germany).  Af- 

Quantitative RT-PCR

[39] RPKM corrects for differences in both sequencing depth and length.
mapped reads by the total number of reads (in millions) and the gene length in kilobases. 
calculating reads per kilobase per million mapped reads (RPKM), given by dividing the 
MG1655  (RefSeq  accession  number  CP025268).  Gene  expression  was  normalized  by 
Genomics Workbench v11.0 (Qiagen). RNA-seq reads were aligned to E. coli strain K-12 
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t test and the fitness experiment results were compared using the two-tailed Student’s t
was analyzed by the Student’s t test. The qRT-PCR results were analyzed by an unpaired 
the PAP test were analyzed using the linear regression model and the biofilm formation 
All  phenotypic  tests were  performed  three  times in  duplicate.  The  survival  rates  after 

Statistical analysis

at least three times in duplicate [36].
for estimating the number of viable cells by counting colonies. The test was performed 
100 μl were used for preparing serial dilutions and subsequent plating onto LB plates 
The  plates were wrapped in plastic and placed in a sonication bath for 30 min. Then, 
Subsequently wells were washed three times using PBS and then filled with 200 μl PBS. 
the  viability  of  the  biofilm,  mature  biofilms  were  treated  with  fosfomycin  for  24h. 
added and biofilm formation was quantified spectrophotometrically (492mn). To assess 
crystal  violet  (CV)  for  5  min.  After  washing  with  water,  200 μl of 95%  ethanol  was 
were removed by rinsing three times with water and the biofilm was stained with 0.5% 
diluted in MHB were added. After 24h of exposure to fosfomycin, the planktonic cells 
washed  three  times  with  phosphate-buffered  saline  (PBS)  and  200 μl of fosfomycin 
24h at 37oC. The growth medium was discarded and replaced after 12h. Each well was 
bacterial cells) of a of LB culture grown overnight at 37oC. The plate was incubated for 
flat-bottom  polystyrene  micro  titer  plates  (TPK)  containing  25 μl  (approximately  105 

To quantitatively assess biofilm formation, 175 μl of LB were transferred  into 96-well 

Biofilm formation

(R1 and R2) at a wavelength of  620nm and ΔT equals the time in hours.
[(R2-R1)/ΔT] * 2.303, where R equals the log of the converted optical density readings 
maximum growth rate. The fitness was measured as maximum growth rate calculated as 
values between 0.2 to 2.5, where the growth was exponential, were used to calculate the 
(Vermont,  USA)  at  a  wavelength  of   620nm  twice  every  hour  (R1  and  R2).  The  OD 
at 37oC overnight. Then cell densities were determined using a BIOTEK spectrometer 
overnight cultures were transferred to fresh TSB medium and incubated under agitation 
(Tryptic Soy Broth) medium broth medium at 37oC overnight. Aliquots of 1% of the 
ly,  the  heteroresistant  isolates  and  their  resistant  subpopulations  were  grown  in  TSB 
using an individual fitness assay as described previously [43] with modifications.  Brief- 
The  fitness  of  heteroresistant isolates and their resistant subpopulations was  analyzed 

Individual fitness test



test using the GraphPad Prism statistical software (GraphPad Software, Inc., CA, 
USA). Differentially expressed genes were identified using the Generalized Linear 
Model test (negative binomial distribution), which involves determining whether there 
is evidence for a significant difference in expression of genes between the 
heteroresistant isolates and their resistant subpopulation[44] with a false discovery 
rate (FDR) correction.[45] Genes with an adjusted P value of  0.05 were considered to 
be differentially expressed.
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S 2. List of genes statistically significant over-under expressed among 
resistance subpopulations  

Name Chromo-
some

Region Max group 
mean

Log2 fold 
change

Fold change P-value FDR p-value Product Gene

1.1 fosfomycin resistance related or suspicious fosfomycin related

MurA NZ_
CP025268

complement
(3335920..3337179)

22,12099617 2,842831 7,174263 1,3E-05 0,002171553 UDP-N-acetyl-
glucosamine 
1-carboxyvinyl-
transferase

murA

ilvB NZ_
CP025268

complement
( 3853018..3854706)

2,047352754 -1,32119 -2,49873 0,01183 0,14740964 acetolactate 
synthase isozyme 1 
large subunit

ilvB

lolA NZ_
CP025268

944478..945089 23,00346372 1,49526 2,81915 0,001807 0,046720406 outer membrane 
lipoprotein carrier 
protein LolA

lolA

atpC NZ_
CP025268

complement
(3917472..3917891)

64,10002197 1,495542 2,819701 0,002081 0,049802617 ATP synthase 
subunit alpha

atpC

lolB NZ_
CP025268

complement(
1269976..1270599)

4,393958346 1,129655 2,188064 0,023583 0,220691548 outer membrane 
lipoprotein LolB

lolB

deoD NZ_
CP025268

4622790..4623509 25,5895861 1,727477 3,311481 0,000402 0,017253895 purine-nucleoside 
phosphorylase

deoD

atpA NZ_
CP025268

complement(
3920235..3921776)

51,59466957 2,088286 4,252426 0,000228 0,011646166 succinylglutamate 
desuccinylase

atpA

astD NZ_
CP025268

complement
(1833072..1834550)

0,766332929 1,851618 3,609047 0,022329 0,215835499 N-succinyl-
glutamate 
5-semialdehyde 
dehydrogenase

astD

galU NZ_
CP025268

1297474..1298382 23,93284471 1,052607 2,074275 0,033966 0,266277596 UTP--glucose-1-
phosphate uridylyl-
transferase

galU

atpD NZ_
CP025268

complement
(3917912..3919294)

39,37025165 2,378057 5,198361 8,56E-06 0,001732522 ATP synthase 
epsilon chain

atpD

1.2  methabolism genes

MurC NZ_
CP025268

100596..102071 7,171915208 1,210169 2,313647 0,017565 0,189436571 UDP-N-acetylmu-
ramate--L-alanine 
ligase

murC

MurE NZ_
CP025268

44181..45467 1,863841529 2,087446 4,249949 0,015625 0,17601447 UDP-N-acetylmu-
ramoyl-L-al-
anyl-D-glu-
tamate--2, 
6-diaminopimelate 
ligase

murE

MurD NZ_
CP025268

94481..95839 6,562361501 1,123103 2,17815 0,012275 0,149475534 UDP-N-acetylmu-
ramoyl-L-ala-
nine--D-glutamate 
ligase

murD

MurF NZ_
CP025268

92997..94484 6,656837245 1,266683 2,406077 0,005767 0,097026078 UDP-N-acetylmu-
ramoyl-tripeptide-
-D-alanyl-D- ala-
nine ligase

murF

MurG NZ_
CP025268

99475..100542 7,132991768 1,152821 2,223482 0,009102 0,122565647 undecaprenyldi-
phospho-muram-
oylpentapeptide 
beta-N- acetylglu-
cosaminyltrans-
ferase

murG

lacY NZ_
CP025268

360977..362230 6,889055582 -1,60228 -3,03622 0,016279 0,180002718 MFS transporter lacY

purA NZ_
CP025268

4406613..4407911 28,727704 1,005421 2,007529 0,032922 0,26304527 adenylosuccinate 
synthetase

purA
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mnmA NZ_
CP025268

1199767..1200873 7,732794243 0,998935 1,998524 0,033133 0,263422912 tRNA 2-thiouri-
dine(34) synthase 
MnmA

mnmA

proS NZ_
CP025268

216887..218605 9,887586312 0,955968 1,93988 0,029055 0,249119026 proline--tRNA 
ligase

proS

hscA NZ_
CP025268

2661109..2662959 4,805132823 0,904286 1,871618 0,034416 0,268104023 molecular chaper-
one HscA

hscA

zwf NZ_
CP025268

1939654..1941129 9,980704685 0,946902 1,927729 0,024123 0,222706327 glucose-6-phos-
phate 1-dehydro-
genase

zwf

metK NZ_
CP025268

3089010..3090164 22,32833937 1,808654 3,503152 0,001733 0,045801131 S-adenosylmethi-
onine synthase

metK

obgE NZ_
CP025268

3331267..3332439 14,0516781 0,946537 1,927241 0,042817 0,299628832 GTPase ObgE obgE

ymfL NZ_
CP025268

1210369..1210926 0,501866035 -4,59864 -24,2285 0,02273 0,217197834 protein YmfL ymfL

pmrR NZ_
CP025268

4334042..4334131 2,481070542 -2,58199 -5,98765 0,028718 0,247108679 LpxT activity mod-
ulator PmrR

pmrR

dsdC NZ_
CP025268

2480728..2481663 4,459695168 -2,32261 -5,00237 0,018923 0,197210019 DNA-binding 
transcriptional 
regulator DsdC

dsdC

srlA NZ_
CP025268

2829852..2830415 1,770479002 -2,31242 -4,96717 0,006578 0,103242235 glucitol/sorbitol 
permease IIC 
component

srlA

hycE NZ_
CP025268

2848782..2850491 13,12545592 1,672564 3,187807 0,001241 0,037090266 formate hydrogen-
lyase subunit 5

hycE

tolQ NZ_
CP025268

774202..774894 12,15409816 0,859511 1,814423 0,045495 0,307782043 protein TolQ tolQ

ftsZ NZ_
CP025268

105136..106287 24,74215483 0,931897 1,907783 0,048819 0,319918118 cell division 
protein FtsZ

ftsZ

tyrA NZ_
CP025268

2742972..2744093 6,32773956 1,101468 2,14573 0,022257 0,215835499 T-protein tyrA

glmU NZ_
CP025268

3915749..3917119 13,49787872 1,06184 2,087592 0,021268 0,209332648 bifunctional 
N-acetylglucos-
amine-1-phosphate 
uridyltransfer-
ase/glucos-
amine-1-phosphate 
acetyltransferase

glmU

guaD NZ_
CP025268

3028070..3029389 5,834309486 -1,96427 -3,90215 0,00413 0,081089988 guanine deaminase guaD

cmtB NZ_
CP025268

3081191..3081634) 0,36896099 -2,32833 -5,02223 0,036016 0,274541832 mannitol-specific 
cryptic phospho-
transferase enzyme 
IIA component

cmtB

cysM NZ_
CP025268

2542698..2543609 2,066334821 1,829729 3,554702 0,004764 0,085633311 cysteine synthase B cysM

pta NZ_
CP025268

2576515..2577531 1,755868592 1,833879 3,564943 0,01392 0,161337471 ethanolamine 
utilization protein 
EutD

pta

zapC NZ_
CP025268

1013058..1013599 6,164107588 -1,49808 -2,82466 0,003696 0,075646566 cell division 
protein ZapC

zapC

astB NZ_
CP025268

1831732..1833075 0,848543316 1,617746 3,068953 0,024803 0,225591553 succinylarginine 
dihydrolase

astB

hisF NZ_
CP025268

2099883..2100659 3,09073375 1,139096 2,20243 0,040318 0,292629789 imidazole 
glycerol phosphate 
synthase cyclase 
subunit

hisF

ydcO NZ_
CP025268

1509724..1510938 10,13702044 -1,58862 -3,00762 0,007183 0,107924223 pentaheme c-type 
cytochrome TorC

ydcO

hydA NZ_
CP025268

3012334..3013719 5,16789133 -1,52849 -2,88484 0,031504 0,257271469 D-phenylhydan-
toinase

hydA

gmd NZ_
CP025268

2131232..2132353 3,668039611 4,012444 16,13861 9,47E-05 0,006324106 GDP-mannose 
4,6-dehydratase

gmd

citD NZ_
CP025268

649536..649832 1,536479634 3,567019 11,85167 0,011486 0,143495973 citrate lyase ACP citD
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der NZ_
CP025268

2639908..2641380 8,885420649 1,207625 2,309571 0,005519 0,094821207 dihydroxyacetone 
kinase subunit 
DhaL

der

citE NZ_
CP025268

648631..649539 2,190982278 3,443921 10,88237 0,000104 0,006727157 citrate lyase 
subunit beta

citE

mgsA NZ_
CP025268

1033662..1034120 24,03096892 -1,07078 -2,10057 0,022214 0,215835499 methylglyoxal 
synthase

mgsA

srlR NZ_
CP025268

2833067..2833840 4,237434937 -1,14379 -2,20961 0,016442 0,18061207 glucitol operon 
repressor

srlR

nadE NZ_
CP025268

1827274..1828101 5,74775739 1,091647 2,131172 0,02997 0,25290199 NAD(+) syn-
thetase

nadE

wcaL NZ_
CP025268

2119946..2121166 0,718841091 2,143764 4,419135 0,042893 0,299628832 colanic acid 
biosynthesis 
glycosyltransferase 
WcaL

wcaL

wcaF NZ_
CP025268

2132379..2132927 1,516968262 3,129092 8,748841 0,006443 0,101607315 colanic acid 
biosynthesis 
acetyltransferase 
WcaF

wcaF

frlB NZ_
CP025268

3501954..3502976 0,615639777 3,06339 8,359346 0,018996 0,197210019 fructoselysine 
6-phosphate 
deglycase

frlB

cpxP NZ_
CP025268

4107742..4108242 225,6581464 2,407356 5,305011 0,000397 0,017192213 periplasmic protein 
CpxP

cpxP

hisA NZ_
CP025268

2099164..2099901 2,251640334 1,516671 2,8613 0,0277 0,241805804 1-(5-phosphoribo-
syl)-5-((5- phos-
phoribosylamino)
methylideneamino)
imidazole-4- car-
boxamide 
isomerase

hisA

fusA NZ_
CP025268

3472086..3474200 156,1456879 1,962592 3,897616 0,013485 0,157813348 elongation 
factor G

fusA

psd NZ_
CP025268

4391318..4392286 8,68791042 1,871095 3,658102 0,000156 0,008641655 phosphatidylserine 
decarboxylase

psd

serB NZ_
CP025268

4626802..4627770 1,535928425 1,51092 2,849917 0,029218 0,2496228 phosphoserine 
phosphatase

serB

tatC NZ_
CP025268

4024658..4025434 7,805674751 0,973295 1,96332 0,047271 0,31535946 twin-arginine 
translocase subunit 
TatC

tatC

wcaI NZ_
CP025268

2128562..2129785 1,24030701 3,054334 8,307035 0,006322 0,101028115 colanic acid 
biosynthesis 
glycosyltransferase 
WcaI

wcaI

cadB NZ_
CP025268

4360623..4361957 2,195630916 2,928159 7,611388 8,64E-06 0,001732522 cadaverine/lysine 
antiporter

cadB

xerD NZ_
CP025268

3041151..3042047 6,371000512 0,979234 1,971419 0,032006 0,259169344 tyrosine recombi-
nase XerD

xerD

phnG NZ_
CP025268

4323169..4323621 0,425662787 3,252287 9,528749 0,036366 0,274898288 alpha-D-ribose 
1-methylphospho-
nate 5-triphos-
phate synthase 
subunit PhnG

phnG

bamA NZ_
CP025268

197758..200190 20,0423802 1,019775 2,027602 0,047545 0,31566911 ATP synthase 
subunit beta

bamA

parC NZ_
CP025268

3166019..3168277 3,755226439 1,028514 2,039922 0,019941 0,202771477 DNA topoisomer-
ase 4 subunit A

parC

topA NZ_
CP025268

1335866..1338463 8,494989246 1,030142 2,042225 0,033731 0,265541914 DNA topoisom-
erase 1

topA

prfC NZ_
CP025268

4611330..4612919 5,656076366 1,044681 2,06291 0,015062 0,171876318 peptide chain 
release factor 3

prfC

metG NZ_
CP025268

2198337..2200370 5,047445051 1,222185 2,332998 0,009103 0,122565647 methionine--tRNA 
ligase

metG

yobF NZ_
CP025268

1930254..1930910 3,594893953 1,179427 2,264868 0,024788 0,225591553 YnhF family mem-
brane protein

ynhF

deoB NZ_
CP025268

4621510..4622733 35,03593582 1,223974 2,335893 0,016981 0,183961875 phosphopento-
mutase

deoB
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tal_1 NZ_
CP025268

8239..9192 67,58284581 1,202963 2,30212 0,022924 0,21734338 transaldolase 1 tal_1

kbl NZ_
CP025268

3793277..3794473 9,553601368 1,031566 2,044242 0,021008 0,208703898 2-amino-3-ketobu-
tyrate CoA ligase

kbl

xerC NZ_
CP025268

3998209..3999105 3,49662639 1,254597 2,386005 0,009256 0,123612919 tyrosine recombi-
nase XerC

xerC

glnA NZ_
CP025268

4058547..4059932 21,36100796 1,240111 2,362167 0,023851 0,22190369 glutamate--ammo-
nia ligase

glnA

citF NZ_
CP025268

647088..648620 1,984883648 2,868546 7,303286 1,82E-06 0,000673064 citrate lyase 
subunit alpha

citF

nusA NZ_
CP025268

3316723..3318210 21,73839235 1,312194 2,48319 0,011482 0,143495973 transcription ter-
mination protein 
NusA

nusA

yggT NZ_
CP025268

3098124..3098690 5,577344221 1,487252 2,803544 0,003016 0,06476633 YggT family 
protein

yggT

hypF NZ_
CP025268

2839193..2841445 3,682257148 1,488948 2,806843 0,001448 0,041212136 hydrogenase 
maturation protein 
HypF

hypF

edd NZ_
CP025268

1937608..1939419 7,043059904 2,322179 5,000868 3,73E-05 0,003795165 phosphogluconate 
dehydratase

edd

fabD NZ_
CP025268

1156829..1157758 16,64789186 1,459539 2,750205 0,001338 0,038780477 malonyl CoA-ACP 
transacylase

fabD

hslU NZ_
CP025268

4122338..4123669 18,48886868 1,411702 2,660509 0,004184 0,08113645 HslU--HslV 
peptidase ATPase 
subunit

hslU

hypB NZ_
CP025268

2855021..2855893 14,61605443 1,389871 2,620553 0,001462 0,041349371 hydrogenase 
isoenzymes nickel 
incorporation 
protein HypB

hypB

speB NZ_
CP025268

3085181..3086101 4,808570309 1,362167 2,57071 0,019169 0,19744148 agmatinase speB

panM NZ_
CP025268

3598671..3599054 1,548723114 1,786146 3,448922 0,041118 0,294750002 aspartate 
1-decarboxylase 
autocleavage 
activator PanM

panM

lspA NZ_
CP025268

25208..25702 16,32639145 1,791923 3,462762 0,000602 0,022736531 lipoprotein signal 
peptidase

lspA

phoU NZ_
CP025268

3908772..3909497 7,202236417 1,771151 3,413261 0,001193 0,036562399 phosphate-specific 
transport system 
accessory protein 
PhoU

phoU

phoB NZ_
CP025268

416192..416881 10,16342874 1,755646 3,376775 0,002053 0,049395581 DNA-binding 
response regulator

phoB

mgtA NZ_
CP025268

4469549..4472245 4,259300653 1,366412 2,578286 0,011216 0,141225302 magnesium-trans-
locating P-type 
ATPase

mgtA

accC NZ_
CP025268

3406602..3407951 26,09339794 1,285813 2,438195 0,010379 0,134920573 acetyl-CoA 
carboxylase 
biotin carboxylase 
subunit

accC

glmS NZ_
CP025268

3913758..3915587 13,68808522 1,493826 2,816349 0,001412 0,040423122 glutamine--fruc-
tose-6-phosphate 
transaminase 
(isomerizing)

glmS

ydfZ NZ_
CP025268

1634034..1634237 260,9470089 1,336471 2,525329 0,018272 0,194879387 protein YdfZ ydfZ

coaBC NZ_
CP025268

3814653..3815873 4,243240729 1,606803 3,045762 0,00201 0,049099856 bifunctional 
phosphopanto-
thenoylcysteine 
decarboxylase 
CoaC/phosphop-
antothenate--cyste-
ine ligase CoaB

coaBC

tkt_1 NZ_
CP025268

2583662..2585665 4,783129219 1,583835 2,997657 0,001897 0,048021852 transketolase tkt_1

frlA NZ_
CP025268

3500545..3501933 0,446949012 2,669234 6,360916 0,030895 0,256654741 arginine/agmatine 
antiporter

frlA
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cysJ NZ_
CP025268

2892407..2894206 2,276546927 2,672155 6,373804 1,72E-06 0,000673064 assimilatory sulfite 
reductase (NA-
DPH) flavoprotein 
subunit

cysJ

pflB_1 NZ_
CP025268

958378..960660 249,3606399 1,698166 3,244881 0,036499 0,274898288 formate acetyl-
transferase 1

pflB_1

tkt_2 NZ_
CP025268

3081948..3083939 21,24252814 1,745453 3,353 0,000349 0,015681396 transketolase tkt_2

pfkA NZ_
CP025268

4109474..4110436 31,57368029 1,716661 3,286749 0,00063 0,023375636 ATP-dependent 
6-phosphofruc-
tokinase

pfkA

yjdP NZ_
CP025268

4315793..4316122 5,755115622 2,361207 5,137999 0,002272 0,053302737 protein YjdP yjdP

cysK NZ_
CP025268

2536435..2537406 26,5407585 2,250825 4,759549 0,0001 0,006592042 cysteine syn-
thase A

cysK

1.3 Adaptation of  stress conditions

msrB NZ_
CP025268

1866831..1867244 35,77685978 -1,18886 -2,27972 0,030128 0,252903798 peptide-methi-
onine (R)-S-oxide 
reductase

msrB

cspD NZ_
CP025268

929473..929697 217,9651165 -1,44391 -2,72058 0,011268 0,141513729 cold-shock protein 
CspD

cspD

phnE NZ_
CP025268

4324368..4325155 0,463083411 3,828099 14,20276 0,004998 0,088392015 phosphonate 
ABC transporter, 
permease protein 
PhnE

phnE

phnK NZ_
CP025268

4319931..4320689 0,336395155 2,634873 6,211206 0,038596 0,283863504 ABC transporter 
ATP-binding 
protein

phnK

pstA NZ_
CP025268

3910468..3911358 4,00929206 1,740365 3,341196 0,001241 0,037090266 phosphate ABC 
transporter 
permease

pstA

yjdI NZ_
CP025268

4353769..4353999 35,35083546 -1,27914 -2,42695 0,046764 0,314155848 4Fe-4S mono-clus-
ter protein YjdI

yjdI

pstC NZ_
CP025268

3911358..3912317 6,530239702 2,304587 4,940259 0,000416 0,017404252 phosphate ABC 
transporter 
permease

pstC

copA NZ_
CP025268

507925..510429 8,251744584 1,748575 3,360265 0,001531 0,041606836 copper-exporting 
P-type ATPase A

copA

1.4 Virulence genes

CXP41_
RS06545

NZ_
CP025268

1236581..1237492 6,090432451 -2,78575 -6,89594 0,00055 0,021335194 hemolysin E hlyE

CXP41_
RS15040

NZ_
CP025268

2869922..2871061 25,4894323 1,588119 3,006572 0,000995 0,032134123 murein hydrolase 
activator NlpD

nlpD

CXP41_
RS03250

NZ_
CP025268

617303..618436 3,59059971 -2,14336 -4,41789 0,036281 0,274898288 ferric enterobactin 
transporter FepE

fepE

CXP41_
RS17095

NZ_
CP025268

3278022..3278486 54,61215659 -1,194 -2,28786 0,021738 0,213383347 toxin YhaV yhaV

prfB NZ_
CP025268

3037488..3038586 13,34550619 1,602603 3,036907 0,000246 0,011953914 peptide chain 
release factor 2

prfB

CXP41_
RS06425

NZ_
CP025268

1222889..1223125 10,19645488 -1,6226 -3,0793 0,020469 0,205116413 two-compo-
nent-system 
connector protein 
YcgZ

ycgZ

CXP41_
RS06100

NZ_
CP025268

1166463..1168652 1,437291466 -1,00136 -2,00189 0,03639 0,274898288 TonB-dependent 
siderophore 
receptor

tonB

CXP41_
RS04455

NZ_
CP025268

836081..837079 5,428349713 1,114635 2,165402 0,029763 0,252039265 secretion protein 
HlyD

hlyD

1.5  Miscellaneous and unassigned function

ydcF NZ_
CP025268

1492054..1492854 8,276727068 1,464316 2,759327 0,003809 0,076565817 hypothetical 
protein

ydcF

ydgH NZ_
CP025268

1683246..1684190 8,172405968 0,902503 1,869307 0,035543 0,273550921 hypothetical 
protein

ydgH

yqjA NZ_
CP025268

3248458..3249120 13,84019556 1,142999 2,208397 0,028557 0,246621554 hypothetical 
protein

yqjA
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1.6  Protein synthesis

rpsE NZ_
CP025268

3445412..3445915 238,8790547 1,595087 3,021127 0,012235 0,149363503 30S ribosomal 
protein S5

rpsE

rplS NZ_
CP025268

2748207..2748554) 126,8226328 1,46653 2,763564 0,005559 0,094821207 50S ribosomal 
protein L19

rplS

rplK NZ_
CP025268

4180369..4180797 157,0447693 1,164575 2,241672 0,028997 0,249062458 50S ribosomal 
protein L11

rplK

rplQ NZ_
CP025268

3440302..3440685 218,4321183 1,871056 3,658003 0,00178 0,046542668 50S ribosomal 
protein L17

rplQ

rpsB NZ_
CP025268

189704..190429 165,0230463 1,306895 2,474085 0,040055 0,291918148 30S ribosomal 
protein S2

rpsB

rplV NZ_
CP025268

3450587..3450919 240,6933018 2,032526 4,091205 0,000407 0,017340833 50S ribosomal 
protein L22

rplV

rpsR NZ_
CP025268

4427764..4427991 96,65173203 2,141204 4,4113 5,35E-05 0,004592591 30S ribosomal 
protein S18

rpsR

rimM NZ_
CP025268

2749394..2749942 126,9362225 1,141382 2,205922 0,049649 0,323018141 ribosome matura-
tion factor RimM

rimM

glyQ NZ_
CP025268

3725096..3726007 6,239484127 2,221438 4,663582 1,12E-05 0,002087105 glycine--tRNA 
ligase subunit 
alpha

glyQ

lysS_1 NZ_
CP025268

035961..3037478 15,2328719 1,230185 2,345971 0,009108 0,122565647 lysine--tRNA 
ligase

lysS_1

valS NZ_
CP025268

4482908..4485763 9,769512048 1,377603 2,598363 0,004527 0,083428675 valine--tRNA 
ligase

valS

trmD NZ_
CP025268

2748596..2749363 96,1602112 1,282932 2,43333 0,024667 0,225591553 tRNA 
(guanosine(37)-
N1)-methyltrans-
ferase TrmD

trmD

rpoB NZ_
CP025268

4183167..4187195 34,46545 1,60696 3,046092 0,012183 0,149110212 DNA-directed 
RNA polymerase 
subunit beta

rpoB

aspS NZ_
CP025268

1953565..1955337 13,07191831 1,917988 3,778956 5,87E-05 0,004906269 aspartate--tRNA 
ligase

aspS

rpoC NZ_
CP025268

4187272..4191495 39,24676609 1,514956 2,857902 0,020094 0,20305156 DNA-directed 
RNA polymerase 
subunit beta'

rpoC

 Chapter 4

149



S 3.Sequences of primers and probes used to determine the expression of the 
murA gene and the endogenous gene rrsA by quantitative real-time PCR.  

murA primers

forward CGTCCGAAGGCTGTTAACGT

reverse CGTGAACTGGGCCTGCATAT

murA probe CGTACCGCGCCGCATCCG

rrsA primers

forward CGTGTTGTGAAATGTTGGGTTAA

reverse CCGCTGGCAACAAAGGAT

rrsA probe TCCCGCAACGAGCGCAACC

 The qRT-PCR reaction mixture consisted of  10µL of  10µL TaqMan Universal PCR Master mix 
(Applied Biosystems, Carlsbad, USA), primers and probes and 10µL of  cDNA template. 
The cycling conditions were as follows, 2 min at an initial holding stage of 50oC and 10 min by 
95oC followed by 40 cycles consisting of 95oC for 15 sec and 60oC°C for 1min using. Changes in 
fluorescence were monitored using an Applied Biosystems 7500 real-time system (ThermoFisher 
Scientific). Non-template controls were included for each run and qRT-PCR reactions were 
performed in triplicate.   
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S 4. List of  genetic closely related isolates used in the SNPs analysis.     

Isolates ID MLST Heteroresistant isolates*
5332 ST131 3218 and9581A

7018 ST131

7104 ST131

   9260 ST131

x5770d ST131

x6638 ST131

1294D ST131

2102 ST131

1710D ST131

9533D ST131

3528 ST131

7078 ST131

9893 ST131

7974 ST131

4233 ST131

5420 ST131

2478 ST131

4006 ST131

5976 ST131

2206 ST131

8565 ST131

x2724 ST131

6202 ST131

5848 ST131

 2445A ST69 666

605 ST69

7719 ST69

864 ST69

x2441 ST69

  9715 ST69

108 ST69

  4953 ST69

9749A ST1703 7198

 421 ST1703

x6050 ST405 2877

9602 ST405

6161 ST405

*the heteroresistant isolates were compared with their cluster except 1469 due the lack of  iso-
lates from the same cluster.
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S 5. Graphs showing the growth rates of control strain ATCC2922 (in green), 
the heteroresistant isolates (in gray) and their resistant subpopulations (in pink) 
per hour during 24h.  In (A) the heteroresistant 1469 and resistant subpopu-
lation 1469UP; in (B) the heteroresistant 9581A and resistant subpopulation 
9581A UP; in (C) the heteroresistant 7198 and resistant subpopulation 7198UP; 
in (D) the heteroresistant 666 and resistant subpopulation 666UP; in (E) the 
heteroresistant 2877 and resistant subpopulation 2877UP and in (F) the heter-
oresistant 3218 and resistant subpopulation 3218 UP.  
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Chapter 5

Abstract 

Escherichia coli ST131 is a clinical challenge due to its multidrug resistant profile and 
successful global spread. They are often associated with complicated infections, 
particularly urinary tract infections (UTIs). Bacteriocins play an important role to 
outcompete other microorganisms present in the human gut. Here, we characterized 
bacteriocin-encoding plasmids found in ST131 isolates of patients suffering from a 
UTI using both short-and long-read sequencing. Colicins Ia, Ib and E1, and 
microcin V, were identified among plasmids that also contained resistance and virulence 
genes. To investigate if the potential transmission range of the colicin E1 plasmid is 
influenced by the presence of a resistance gene, we constructed a strain containing a 
plasmid which had both the colicin E1 and blaCMY-2 genes. No difference in 
transmission range was found between transformant and wild-type strains. However, a 
statistically significantly d ifference was found in adhesion and invasion ability. 
Bacteriocin-producing isolates from both ST131 and non-ST131 lineages were able to 
inhibit the growth of other E. coli isolates, including other ST131. In summary, 
plasmids harboring bacteriocins give additional advantages for highly virulent and 
resistant ST131 isolates, improving the ability of these isolates to compete with other 
microbiota for a niche and thereby increasing the risk of infection.
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E. coli, several bacteriocins are encoded by genes on plasmids and the presence of
lineage  variants that become even  more resistant and virulent [22]. As  mentioned,  in 
MGEs,  particularly  plasmids,  can  be easily exchanged  between isolates creating sub- 
ST131 lineage [19,20] and the role of mobile genetic elements (MGE)  herein  [21]. 
sequencing  (WGS)  has  been used to  reveal  the  epidemiology  and  evolution  of the 
ExPEC is associated with a more virulent  profile of the bacterium [2]. Whole genome 
resistance [18]. As   mentioned, the production   of bacteriocins, such as   microcin,  by 
spread  lineages, such  as  ST405 and ST648, have been associated with antibiotic 
ST131  are  a serious threat  for  patients.  In  addition,  other  successful  and  worldwide 
combination of a high resistance and virulence profile, infections caused by the ExPEC 
phylogenetic group  B2,  are  associated  with  a  high  virulence  profile [17]. Due to this 
generation cephalosporins and carbapenems [16]. ST131 E. coli, frequently belonging to 
lactamase  that  confers  resistance  to  all  β-lactam  antibiotics  except  the  fourth- 

lactamases genes, blaCMY-2 is  frequently  identified. It  encodes  for  an AmpC type of  β- 
their ESBL phenotype and specific virulence genes [14,15]. Among a diversity of beta- 
with the  presence  of  fluoroquinolone  resistance (FQR), β-lactamases responsible  for 
causing UTIs  and  bloodstream  infections (BSIs). Their success is  partially associated 
Within the E. coli population, ST131 is one of the most successful lineages frequently 

urovirulence [13] and the development of bacteremia of urinary tract origin [9].
presence  of multiple  bacteriocins  in E.  coli isolates  is  common and  increases  their 
DNA  by  their  nuclease  activity,  or  by  interfering  with  cell wall  synthesis  [5,12].  The 
action.  They  can  act  by  forming  a  pore  in  the  bacterial membrane, digesting bacterial 
SOS  system  and  are  not  toxic  to  producer  strains. Colicins  have  different  ways  of 
is  activated  by  the  SOS  system  [11].  In  contrast, microcins  are  not  inducible  by  the 
effect on the producer strain, and the lysis gene required for colicin release. The operon 
operons, also containing the colicin immunity gene, important for neutralizing its toxic 
approximately  30%  of commensal E.  coli [8–10].  Colicin  genes  are  mostly  located  in 
microcins  are  the  types  of bacteriocins most  often  found  in  pathogenic  and  in 
(bacteria  and  fungi)  for  the limiting  nutrients  in  the  environment  [6,7].  Colicins  and 
Although  not  required for  growth,  they  help  to  outcompete  other  microorganisms 
located  on  plasmids and able to kill normally closely related surrounding  bacteria [5]. 
production of bacteriocins, a  group  of  antibacterial  peptides  often  encoded  by  genes 
infections at  other  sites  [2–4].  One  of the  survival  strategies  of E.  coli is  the 
and  others  that  allow  these  bacteria  to  live  in  the  human  gut  but  also,  to  cause 
a  high  number of virulence factors  such as  adhesins, fimbriae, hemolysins, aerobactin 
(UPEC) pathotype, is often associated with urinary tract infections (UTIs) [1]. They carry 
Pathogenic Extraintestinal Escherichia coli (ExPEC), including the uropathogenic E. coli 
Introduction
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the Nextera XT kit (Illumina, San Diego, CA, USA) and the library was sequenced on a
(MO Bio laboratories, Carlsbad, CA, USA) and library preparation was performed using 
DNA  of   the  isolates  was  extracted  using  the  UltraClean  microbial  DNA  isolation  kit

Short-Read Sequencing

isolate in the suspension and sensitivity to it ofthe isolate already on the plate.
inhibition zone (halo) around the producer indicated production of a bacteriocin by the 
(E. coli K-12 MG1655) and plates were incubated overnight at 37oC. Formation of an 
suspension was added to LB agar plates containing E. coli isolates or the control strain
in  5  mL of  LB  (Luria  Both)  overnight  at  37oC.  Subsequently,  5  μL  of  the  bacterial 
selected for further analyses. For the bacteriocin activity assay, the isolates were grown 
the Rio de Janeiro population. In addition, isolates containing a bacteriocin gene were 
to ST10, ST69, ST73, ST131, ST475 and ST648 as they are the most prevalent STs in 
glycerol before being further analyzed. For this study, isolates were selected that belong 
Bacterial  cells  were  stored  at -80oC  in  a  Lysogeny  Broth  (LB,  Merck,  S.A.)  with  20% 
Germany) until a cell density higher than 105 colony-forming units (CFU) was obtained. 
were cultured on cysteine lactose deficient medium agar plates (CLED, BD, Heidelberg, 
was performed using VITEK-2 (bioMérieux, Marcy l’Etoile, France), for which isolates 
using  mass  spectrometry  (Bruker,  Bremen,  Germany).  Antibiotic  susceptibility  testing 
ized  in  four  hospitals  located  in  Rio  de  Janeiro,  Brazil. E.  coli isolates  were  identified 
The isolates used in this study were obtained from urine samples of  patients hospital- 

Bacterial  Isolates  and  Bacteriocin  Activity  Assay

Materials and Methods

virulence profiles.
the  association  between  bacteriocins  and  the  phylogenetic  groups,  and  resistance  and 
an  attempt  to  reveal  their  role  in  the  bacterial  virulence.  In  addition,  we  also  studied 
bacteriocin-encoding plasmids of ST131 E. coli isolated from clinical urine samples in 
successful  lineages,  particularly  ST131,  and  to  characterize  resistance  genes and 
study aimed to investigate the bacteriocin in vivo activity in E. coli isolates, focusing  on 
bacteriocins  with  respect  to  the  virulence  of these  successful  lineages. Therefore, our 
high-risk  clones  and  only  a  few  studies  have  investigated the  importance  of 
and  bacteriocin  genes  for  the  successful  dissemination and virulence potential of this 
there are no studies that address the importance of plasmids encoding  both  resistance 
contribute  to  the  success  of ST131 E.  coli.  However, to  the  best  of our  knowledge, 
resistance  genes  and  specific  bacteriocins on  single  plasmids  could  potentially 
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Miseq (Illumina), as described previously [23]. The raw data were deposited in the Euro-
pean Nucleotide Archive under the project number PRJEB23420.

Long-Read Sequencing 
For the bacteriocin-producing ST131 isolates 5332, 5848 and 7078, whole genome se-
quencing (WGS) was also performed using Oxford Nanopore Technologies (ONT, Ox-
ford, UK) long-read sequencing. DNA extraction was performed as mentioned above 
for the short-read sequencing. For this, several library preparation kits were used: isolate 
5848 was prepared using the 2D ligation sequencing kit (SQK-LSDK208), isolates 5332 
and 7078 were prepared with the Rapid Sequencing kit (SQK-RAD004) according to 
the manufacturer instructions. The libraries were loaded onto two different flo-
MIN106 R9.4 flow cells. The runs were performed on a MinION device (ONT). Base 
calling was performed using Albacore v1.2.2 (ONT) with the r94_250bps_d.cfg 
workflow for isolate 5848 and with Guppy v3.2.2 (ONT) for the other two isolates.

Assembly, Annotation and Analysis 
For the short-reads, de novo assembly was performed with CLC Genomics Workbench 
v12.0 (Qiagen, CLC bio A/S, Aarhus, Denmark) using the default settings and an optimal 
word-size. Annotation was performed by uploading the assembled genomes onto 
the RAST server version 2.0 [24]. The ST and virulence genes were identified by 
uploading the assembled genomes in fasta format to the Center for Genomic 
Epidemiology (CGE), MLST finder website (version 1.7) [25] and VirulenceFinder 
(version 2.0) [26]. For the long-reads, we analyzed the quality of  the data through 
Poretools v0.6.0 [27] and transformed the fast5 files into fastq files using the same 
tool [27]. Subsequently, we performed hybrid assemblies using Illumina short reads 
and ONT long reads using Unicycler v0.4.1[28]. To visualize the assembly graphics, we 
used Bandage v0.8.1 [29].

Plasmid Analysis and Identification of Bacteriocin Genes 
The plasmids incompatibility groups were identified by uploading the assembled files, 
generated using the hybrid assembly approach described above, to PlasmidFinder 
(version 1.3) [26]. The plasmid sequences were annotated automatically using the 
RAST server version 2.0 and manually using CLC Genomics Workbench v12.0 
(Qiagen, CLC bio A/S, Aarhus, Denmark). Subsequently, plasmids were uploaded to 
BLAST (NCBI database) to identify the closest reference plasmids. Alignment of 
plasmid sequences was done using Easyfig v2.2.3 [30] and DNA plotter [31]. The 
bacteriocin genes present in the isolates were detected by BAGEL 3, by uploading the 
fasta files onto the online tool [32]. Plasmid mobility was analyzed by locating and 
typing the origin-of-transfer (oriT) regions using a DNA structural alignment algorithm 
that finds minimal Euclidean distances and p-values between query oriTs and target
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sequently,  a  single  colony  was  used  to  inoculated  M9  minimal  medium  for  overnight
competition assay for which isolates were grown in M9 minimal medium for 24 h. Sub- 
[36] with some minor modifications. Briefly, relative fitness was estimated by a pairwise 
fect  the  bacterial  fitness,  a  relative  fitness test  was  performed,  as  described  previously 
To investigate if  the presence of  antibiotic resistance and colicin-encoding plasmids af- 

Competition  Fitness  Assay

determined.
described  above,  serially diluted  and  plated  on  LB  plates  and  the  number  of   CFU  was 
medium  containing  100 μg/mL kanamycin.  After  incubation,  cells  were  lysed  as 
recovered  per well.  For  invasion,  the  cells  were  incubated  for  an  additional  1.5  h  with 
plated onto  TSB  agar  plates.  Adhesion  was  calculated  as  the  number  of   CFU/mL 
0.1% Triton  X-100.  The  lysates  were  collected,  serially  diluted  and  the  dilutions  were 
three times  with  phosphate-buffered  saline  (PBS)  and  then  lysed  using  PBS  containing 

in triplicate. After incubation at 37°C in a CO2 incubator for 3 h, the cells were washed 
were grown to form a monolayer in 24- well plates and inoculated with different strains 
Scotland)  containing  2%  of   fetal  bovine  serum  (VWR,  Roden,  The  Netherlands).  Cells 
(HEK293)cells  (ATCC®LGC),  maintained  in  DMEM  medium  (ThermoFisher,  Paisley, 
Bacteria-cell  adhesion  assays  were  performed  using  Human  Embryonic  Kidney 

Competition  Adhesion  and  Invasion  Experiments

Workbench.v11.0.1 (Qiagen, CLC bio A/S/Aarhus, Vedbæk, Denmark).
blies was performed using RAST (version 2.0) [24] and manual annotation in CLC Main 
the plasmid identified in donor sample 5848. Annotation of the plasmids’ hybrid assem- 
above.  The  plasmid  sequences  from  the  recipient  were  compared  with  the  sequence  of 
electrophoreses  and  further  submitted  to  short-and  long-read  sequencing,  as  described 
fully acquired the plasmids. They were tested for the presence of  the plasmid using gel 
Groningen,  The  Netherlands)  and  resistant  colonies  were  considered  to  have  success- 
bacteria were plated onto LB agar plates containing cefotaxime (1mg/L) (Mediaproducts, 
transform E. coli Dh5α using CaCl2 and a heat shock, as previously described [35]. The 
manufacturer’s protocol. After purification, the plasmid DNA was quantified and used to 
from  it  using  the  innuPrep  gel  extraction  kit  (Analytikjena,  Germany)  according  to  the 
protocol.  The  plasmid  was  identified by  size  selection  on  an  agarose  gel  and  isolated 
nuPREP plasmid Mini Kit (Analytikjena Jena, Germany) according to the manufacturer’s 
cefotaxime  overnight  at  37°C .  Then,  plasmid  extraction  was  performed  using  the  in- 
Isolate  5848  (plasmid  donor)  was  cultivated  in  LB  supplemented  with  100 μg/mL  of 

Bacterial  Transformation  Assay

determined from a MOB-typed dataset [34].
plasmids  [33].  Potential  transfer  host ranges  of  the  predicted  MOB  groups  were 
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growth at 37°C. The initial cell density was measured by plating different dilutions on 
both antibiotic-free LB agar and on LB agar supplemented with 1 mg cefotaxime (A0 and 
B0). The next day, cultures of the bacteria were serially diluted in 0.9% NaCl in a 96-well 
plate. Subsequently, the different dilutions were also plated on both an antibiotic-
free LB agar and on LB agar supplemented with 1 mg cefotaxime and incubated for 
24h at 37°C (A1 and B1). The relative fitness (W) was calculated as the ratio of the 
Malthusian parameter of  each competitor: WAB = MA/MB, where MA = ln[A(1)/
A(0)], MB = ln[B(1)/B(0)], A(0) and B(0) the estimated initial densities of  A and B and 
A(1) and B(1) the estimated densities of  A and B after 24h. This experiment was 
repeated 8 times.

Statistical Analysis 
For the adhesion, invasion and biological fitness assays, the results obtained for the iso-
lates were analyzed thought the Student’s t-test using GraphPad Prism v.7.04. The asso-
ciation between the presence of  bacteriocin genes with phylogenetic groups, virulence 
genes and antibiotic multidrug resistance profiles were performed by the Fisher’s exact 
test using the GraphPad Prisma v.7.04. p-values < 0.05 were considered as statistically 
significant (GraphPad Software, La Jolla, USA).

Ethical Considerations 
This study was submitted and approved on October 2015 by the Pedro Ernesto 
Univer-sity Hospital ethical committee 174 according to Brazilian legislation and 
received the following registration number: CAAE number: 45780215.8.0000.5259. 
All the samples used in this study were obtained from patients that signed a consent 
form in which the gave permission for the use of  sample and data for this study.

Results

Bacterial Isolates and Bacteriocin Sensitivity Profile 
A collection consisting of  69 E. coli isolates obtained from urine samples of  hospitalized 
patients in Brazil were included in this study, of  which 41 belonged to phylogenetic group 
B2, 13 to phylogenetic group D, 9 to phylogenetic group A, 5 to phylogenetic group B1 
and 1 to phylogenetic group F. The distribution of the phylogenetic groups over the dif-
ferent ST-types is indicated in Table 1. Three bacteriocin-producing ST131 isolates 
were identified: fimH22-O25:H4 isolates 5332 and 5848 and fimH30-O25:H4 isolate 
7078. All three inhibited the growth of  isolates belonging to other STs, as well as isolates 
belonging to ST131 (Figure 1). The rates of  sensitivity against bacteriocin-producing 
ST131 isolates per ST types were: 15.3% (n=4) of  ST131, 11.1% (n=1) of  ST69, 71.4% 
(n=5) of  ST10, 50% (n=2) of  ST73, 25% (n=1) of  ST405 and 66.6% (n=4) of  ST648.   
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Among singleton ST types, two isolates were sensitive to the bacteriocin(s) produced 
by the three bacteriocin-producing ST131 isolates. Whereas, 6419 was only sensitive to 
the bacteriocin produced by the H30-ST131 (7078) isolate, 7167 was only sensitive to 
bacteriocins produced by the H22-ST131 (5332 and 5848) isolates. Among the other ST 
types, our analysis revealed that isolates 6419 (ST414), 6492 (ST12), 9097 (ST95) and 
9307 (ST91) belonging to phylogenetic group B2; isolates 3921 (ST10), 5038 (ST58), 
5306 (ST641), 7167 (ST1431) and 6632D (ST453) belonging to phylogenetic group B1; 
and isolates 1825 (ST93) and 7500 (ST744) belonging to phylogenetic group A were able 
to inhibit the growth of  isolates from different ST types (Figure 2). In particular, isolates 
3921, 9097 and 9307 were able to inhibit the growth of  the majority of  ST131 isolates. 
The rates of  sensitivity against bacteriocin produced by non-ST131 isolates were 76.9% 
(n=20), 83.3% (n=5), 55.5% (n=5), 57.1% (n=4), 50% (n=2), 25% (n=1) and 61.5% 
(n=8) for ST131, ST648, ST69, ST10, ST73, ST405 and singleton ST types, respectively.

Figure 1. Bacteriocin activity among ST131. The graph shows the bacteriocin activity of  the three 
bacteriocin-producer ST131 isolates against other isolates that belong to ST131, ST10, ST648, ST405, 
ST73, ST69, ST297 and ST414. The * indicates the singleton isolates. The dark blue hits indicate 
the isolates that were sensitive to bacteriocin and the grey hits indicate bacteriocin-resistant isolates.
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Figure 2. Bacteriocin activity among non-ST131 isolates. The graph shows the bacteriocin 
activity of  non-ST131 isolates against isolates from different ST types. The * indicates the singleton 
isolates. Orange represents isolates that were sensitive to the bacteriocin produced by the non-
ST131 isolates and grey represents the bacteriocin-resistant isolates.
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Table 1. Bacterial isolates, their ST types, serotypes and phylogenetic groups  

Isolates ID ST Type No of
Isolates

Serotype Phylogenetic 
Group

3218, 5332, 
7018, 7104, 

9260,3218,9581A, 
5770D,6638, 1294D, 
5848, 2102, 1710D,
9533D, 3528, 7078, 
9893, 7974, 4233, 

5420,
4006, 5976, 2206, 
8565, 2724, 6202

ST131 26 O25:H4
O16:H5

B2

2445A,7719,864,24
41,666,9715,108,49

53,605

ST69 9 O17/O44:H18, O17/
O77:H18, O15:H18, O15:H2, 

O25:H15, O45:H45

D

0015, 6077, 9733D, 
5217, 8874, 3188B, 

8200

ST10 7 O107:H54, O9:H9, 
O128ab:H10, O9:H12, 

O89:H10, O12:4

A

1843,0107D, 6022, 
2986,2993, 7002

ST648 6 O1:H6 B2

6050, 9602, 6161, 
2877

ST405 4 O102:H6 D

3052, 9492, 7348, 
2723A

ST73 4 O6:H1, O22:H1 B2

9668 ST297 1 O86:H49 B2

9097 ST95 1 O50/O2:H7 B2

6419 ST414 1 O16:H5 B2

5038 ST58 1 O8:H25 B1

5306 ST641 1 O30:H25 B1

3921 ST101 1 O21:H21 B1

7167 ST1431 1 O8:H19 B1

6632D ST453 1 O23:H16 B1

1825 ST93 1 O7:H4 A

7500 ST744 1 O89:H10 A

6492 ST12 1 O4:H5 B2

9307 ST91 1 O39:H4 B2

1643 ST354 1 O25:H34 F
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Distribution of  Bacteriocin Genes among Clinical Isolates

Analyses of  WGS data revealed the presence of  bacteriocin genes encoding microcin 
V, pyocin S, and the colicins A, Ia, Ib, M and E1 in our bacteriocin-producing isolates 
(Table 2). In the ST131 isolates showing bacteriocin activity, i.e., 5332, 5848 and 7078, 
the colicin E1, Ia, Ib and the pyocin S genes were present. Moreover, isolates 5848 and 
7078 also contained a microcin V gene. ST131 isolate 7104 presented the colicin E1 
and pyocin S genes, whereas all of the remaining ST131 isolates contained only the 
pyocin S gene. In all ST73 isolates, the colicin E9 gene was identified and an additional 
bacteriocin was identified in isolates 7348 (colicin-10), 2723A (colicin E1) and 9492 
(pyocin S). ST10 isolates also contained genes for different bacteriocins, such as a mi-
crocin B17 in isolate 6077, microcin V, colicin A and colicin M in isolate 8874, colicin 
A and M in isolate 5217 isolate, and colicin E1 in isolate 8200. Bacteriocin genes found 
in bacteriocin-producer isolates are listed in the Supplementary Table S1 and Figure 
S1. No known bacteriocin genes were detected in ST69, ST405 and ST648 isolates.

Table 2. Distribution of bacteriocin genes among clinical isolates.

Bacteriocin 
Groups

Bacteriocin 
Genes

Activity Bacteriocin Pro-
ducer Isolates (n)

Non-Bacteriocin 
Producer Isolates 

(n)
B Ia Pore-forming 13 0

Ib Pore-forming 1 0

M Peptidoglycan Syn-
thesis inhibitor

3 2

10 Pore-forming 0 1

A E1 Pore-forming 3 7

E9 DNase 2 4

A Pore-forming 1 2

Pyocin S DNase 7 24

Microcin V Membrane disruption 4 1

Microcin B17 Membrane disruption 1 1
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0.001) and ompT (p = 0.046). No statistically significantly association was found between
(p =0.006), fyuA (p=0.026), fhuA (p=0.034), irp2 (p=0.026), nleA (p=0.012), sigA (p > 
cant association between the presence of bacteriocins genes and the virulence genes iroN 
presence of bacteriocins and 68 different virulence genes and found a statistically signifi- 
of bacteriocin genes (p = 0.0219). We also analyzed a possible correlation between the 
Our analysis revealed an association between phylogenetic group B2 and the presence 

  Bacteriocins Genes
Association between Phylogenetic Group, Virulence Genes, MDR and



the MDR profile and the presence of bacteriocin genes.

Identification and Characterization of Plasmids Present in ST131 Isolates 
To determine if identified colicin genes were located on the bacterial chromosome or 
on a plasmid, a combination of  short- and long-read sequencing of  three ST131 isolates 
(5332, 5848 and 7078) was used. Hybrid assemblies revealed the presence of three differ-
ent plasmids in isolates 5332 and 5848, of which two were also identified in isolate 7078 
(Figure 3 and Supplementary Figure S2). The smallest plasmid (6645 bp), designated here 
as p5848A1, belonging to replicon type Col156, contained the colicin E1 gene operon, 
consisting of  the colicin E1 gene and the genes encoding for its immunity and lysis pro-
teins, but no resistance genes. Other genes present on this plasmid were the mebA, mebB, 
mebC, mebD genes, two genes encoding the entry exclusion proteins 1 and 2, and two 
genes encoding hypothetical proteins (Figure 3A). The medium-size plasmid (101,573 
bp), designated in this study as p5848A2, belonged to incompatibility group IncI1. It 
mostly contained genes encoding for hypothetical or mobile element proteins, but also 
the beta-lactamase gene blaCMY-2 flanked by the Colicin Ib and the blc genes, the latter en-
coding for a membrane-associated lipoprotein. Other genes located on this plasmid were 
the sugE gene, conferring resistance to quaternary ammonium compounds, tra genes 
known to be involved in conjugation, the antitoxin genes phD and ccdA, the toxins genes 
doC and ccdB, the umuC gene related with activation of  the SOS system, and the psiB and 
psiA genes involved in inhibition of  the SOS system. In addition, transposases belonging 
to the IS200/IS605 family were detected in this plasmid. This plasmid is very similar to 
the pSTM709 plasmid present in Salmonella enterica subspecies Typhimurium (NCBI ref-
erence sequence: NC_023915.1) isolated from Uruguay, except for three regions, one 
region (nt 2-408) absent in the p5848A2 plasmid and two regions (nt 38446-41078 and 
nt 101808-101573) only present in p5848A2 (Figure 3B and Supplementary Figure S3). 
Finally, the largest plasmid (149,732bp), designated here as p5848A3, belonged to incom-
patibility groups IncFII and IncFIB and carried several genes, most of  them specifying 
hypothetical proteins and proteins associated with plasmid conjugation, transcription-
al regulation, and mobile genetic elements. It also contained virulence genes, including 
genes for iron uptake, such as the aerobactin genes iucAD, the ABC iron transporter 
genes iroBN, the hemolysin gene hha, genes for the bacteriocins colicin Ia and microcin V. 
Further, this plasmid carried antibiotic resistance genes, including tetracycline resistance 
genes (tetA and tetR) and the trimethoprim resistance dfrA5 gene. Other genes present on 
this plasmid encode the Macrolide-specific ABC-type efflux system (macA and macB) and 
ion transporters (copB, merC, merE and merT) (Figure 3C). 
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belongs to the MOB group F (Table 3).
plasmid  p5848A3  that  encodes  colicin Ia,  microcin  V  and  other  resistance  genes 
for  colicin  Ib  and  cephalosporin resistance,  belongs  to  the  same  MOB  group P,  while 
cephalosporin resistance gene. In addition, plasmid p58548A2 that also contains genes 
the  plasmid  containing  a  bacteriocin and the  one  containing  both  a  bacteriocin  and  a 
p5848A1.  Therefore,  there is  no  indication  for  a  difference  in  transfer  range  among 
showed that plasmid p5848A1.2 belongs to MOB group P, similar to the ColE1 plasmid 
predicted  plasmid  mobility using  the  oriT  regions  by  MOB  typing  [36].  Our  results 
between the control sample DH5α and the transformant strain DH5α+ (Figure 4). We 
0.211–0.95  and  no  statistically  significant  difference  in  the  growth  rate  was  observed 
using the ratio of the Malthusian parameter. The relative fitness of DH5α+ ranged from 
bacteriocin-  and  resistance  gene-encoding  plasmids,  and  calculated  the  relative  fitness 
(Supplementary Figure  S2  and  S3).  First,  we  assessed  the  fitness  cost  of carrying 
plasmid  p5848A1,  here  designated  p5848A1.2  (accession  number:  PRJEB34226) 
encoding a hypothetical protein and the blc and sugE genes, recombined with the ColE1 

formant strain Dh5α+, containing a plasmid that combines the blaCMY-2 flanked by a gene 
mission of  plasmids that also contain antibiotic resistance genes. We constructed a trans- 
We decided to investigate the potential effect of bacteriocins on the maintenance and trans- 

Bacterial Fitness Cost and Predicted Transfer Potential

purple yellow indicates regions with a negative GC skew.
(CDS), black indicates the GC content, yellow indicates regions with a positive GC skew, and dark 
pink, 5848 in green and 7078 in light purple. In addition, blue indicates the coding sequence region
tetA and tetR and the virulence genes iucA, sitA, iroB, iroC, iroD and iroE. Isolate 5332 is indicated in 
isolates 5332 and 5848, containing the colicin Ia and microcin V genes, the resistance genes dfrA5, 
tamase blaCMY-2, the sugE and the colicin Ib genes. (C) Alignment of plasmid p5848A3 found in 
(B) Alignment of  plasmid p5848A2 found in isolates 7078, 5332 and 5848, containing the beta-lac- 
ment of plasmid p5848A1 found in isolates 5332, 5848 and 7078 containing the colicin E1 gene.
Figure 3. ST131 plasmid sequence alignments using hybrid assemblies. (A) Sequence align- 



Table 3. Results of  the prediction of  transfer range using origin-of-transfer.  

Plasmid ID Nic Location Orientation MOB Sub-
group

NIC p-Value

P5848A1 2350 RC P −-92.6330 <1016

P5848A1.2 8823 F P −-56.5174 <1016

P5848A2 45897 RC P −-377522 <1016

P5848A3 110908 F F −-48.8684 <1016

  MOB: mobility groups; nic: relaxase enzyme nicking sites (region within the origin transfer). F, 
forward; RC, reverse complement.  

Figure 4. Growth rate of  isolates with or without bacteriocin and resistance genes containing 
plasmids in the presence or absence of cefotaxime. Results showing the growth rate (UFC/mL) 
of each competitor. Squares, triangles and circles indicate replicates. No statistically significant differ-
ence was found when comparing growth rates of DH5α (wild type) and DH5α+ (transformant strain).  

Bacteriocin-Encoding Plasmids and Phenotypical Virulence Profile 
We investigated if the presence of plasmids affects the virulence profile of 
isolates through testing the ability to adhere and invade urinary tract epithelial 
cells. As expected, our results showed that the  bacteriocin-producing  isolates  
5848,  5332  and the DH5α+ (transformant) had  a  higher  adherence  to  
HEK-293  cells,  compared  to the negative control (DH5α). However, from the 
non-bacteriocin producing isolates only isolate 1643 showed a statistically 
significant lower adherence compared to isolate 5332 (p=0.0429) and no other 
statistically significant differences were observed. Similar results were found for 
the invasion ability where no differences were
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Figure 5. Competitive adhesion and invasion assay. (A) Adhesion to HEK-293 (human em- 
bryonic kidney cell line) calculated in CFU/mL. (B) Invasion of HEK-293 for the same isolates. 
In both assays, results obtained from the plasmid containing isolates 5332 and 5848 were 
compared with other ST131 clinical isolates (9581A, 2206, 0107D), with ST648 (2993), ST354 
(1643), ST297 (9668) and ST69 (7719) isolates, and with both the parental DH5α and the 
transformant DH5α+ strains. The * indicates a statistically significant difference (p ≤ 0.05).

Discussion  

Bacteriocins are mediators of  intra- and interspecies interactions. Whereas recent 
studies have focused on bacteriocins as a potential replacement for antibiotic therapy, 
their potential as a virulence factor for specific successful E. coli lineages remains poorly 
investigated [9,37,38]. In the present study, we investigated the bacteriocin activity of 
clinical E. coli isolates obtained from urine samples of  patients hospitalized in Brazil, 
with a focus on ST131. Three clinical ST131 E. coli isolates contained plasmids with 
bacteriocin genes (colicins E1, Ib, Ia, and microcin V). Two of  the isolates belonged to 
the fimH22 and serotype O25:H4, while another isolate was identified as fimH30 and 
O25:H4. The H22-ST131 sublineage is frequently isolated from UTIs and, because it 
was also detected in poultry, it is considered as a foodborne uropathogen [39]. The 
H22-ST131 isolates from poultry and the isolates in this study shared the presence of  a 
bacteriocin-containing plasmid. Interestingly, the H30-ST131 E. coli isolate containing 
colicin E1 and Ib genes located on plasmids, was sensitive for fluoroquinolones and 
cephalosporins, whereas both H22-ST131 isolates were AmpC-β-lactamase-producing 
and one of them (5332) was fluoroquinolone-resistant.
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found for colicin-producing isolates compared to non-colicin-producing ones. How- 
ever, the DH5α+ (transformant)  strain  presented  a  significant increase in the ability 
to adhere and invade the urothelial cells (p=0.0001) compared to the control DH5α 
strain, presenting similar results as found for isolates 5332 and 5848 (Figure 5A,B). 

168



 

 

 

  

 
 

Chapter 5

169

increase the fitness advantage of bacteria in different environments [44].
aleatory  evolution  that  may  have  happened  to  increase  the  killing range  and/or  to 
microcin  V  genes  on  the  same  plasmid  was  described  in another  study  as  a  non- 
environments  as  the  urinary  tract.  Furthermore, the  presence  of   colicin  Ia  and 
plasmid  may  give  an  advantage  to survive  in  and  to  colonize  iron-limited 
siderophores  and  salmochelin [13].  The  combination  of   these  genes  on  the  same 
genes  for  iron  uptake, consistent  with  a  previously  described  association  between 
microcin V is induced by iron-limited conditions. The same plasmid also carries several 
Ia  and  microcin  V genes. Notably, colicin Ia is induced by the SOS system, while the 
plasmid p5848A3, harboring  both  resistance  and  virulence  genes,  carries  the  colicin 
pAmpC-pro-ducing E.  coli from  poultry  and  fecal  human  samples  [43].  The  largest 

lactamase blaCMY-2 gene, is similar to the structure identified for other plasmids among 
encoding the  membrane  lipoprotein  blc  and  the  efflux pump sugE flanking the  beta- 
petitive  advantage  in  the  gut  to Salmonella  enterica [10].  The  presence  of   genes 
that are absent from the pSTM709 plasmid. The presence of colicin Ib conferred a com- 
regions encoding mobile elements, hypothetical proteins, and the RepY and InC proteins, 
in Salmonella enterica subspecies Typhimurium isolated in Uruguay, but had two additional 
containing colicin Ib, was found to be highly similar to a plasmid (pSTM709) present 
in conjugation similar to the traY genes of IncF plasmids [42]. The plasmid p5848A2, 
E1 containing plasmids, including the presence of the meb operon, which plays a role 
Plasmid p5848A1 containing the colicin E1 gene has a similar structure as other colicin 

O-antigen [41].
sensitivity to bacteriocins of ST131 may have been overestimated and is related to the 
B2, to which ST131 also belongs [40]. However, another study pointed out that this in- 
studies that reported bacteriocin insensitivity of isolates belonging to phylogenetic group 
than for bacteriocin(s) produced by the ST131 isolates. This is in contrast with previous 
tigated ST131 isolates is sensitive to the bacteriocin(s) produced by non- ST131 isolates 
related E. coli isolates [12,38]. Our results also show that a higher number of the inves- 
agrees with findings in previous studies showing that colicins act mainly against closely 
was able to kill other ST131 isolates resulting in strain–strain competition. This result 
growth of other E. coli isolates. Our results show that colicin produced by ST131 isolates 
V genes, in the ST131 isolates, was the most likely cause of their ability to inhibit the 
In  our  study,  the  presence  of plasmids  carrying  colicin  Ia,  Ib  and  E1,  and  microcin 

H30 strains evolved from the H22 lineage [21].
H22-ST131 and susceptible H30-ST131 isolates could also be explained by the fact that 
area without these plasmids. Therefore, the presence of similar plasmids in both resistant 
could have occurred. However, also many ST131 isolates were circulating in the same 
Horizontal  transfer  of the  plasmid  between  isolates  within  the  same  geographic  area 
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Eleven non-ST131 isolates were identified, which have the ability to inhibit the growth of 
isolates from different ST types. The bacteriocin genes among ST131 isolates were less 
diverse than those in non-ST131 isolates, which is in agreement with previous findings 
[2]. Interestingly, despite the resistance of ST69 and ST405 to bacteriocins, we did not 
identify any bacteriocin genes nor did we find any other known genes related to bacte-
riocin resistance in these groups. Therefore, it would be highly interesting to investigate 
the mechanism(s) behind the observed resistance in future research. Furthermore, we 
identified a statistically significant association between the presence of bacteriocin genes 
and the phylogenetic group B2 among our isolates. These results are different from pre-
vious findings showing such an association also for isolates belonging to phylogenetic 
group D [2,45]. However, our phylogenetic group D isolates did not contain any known 
bacteriocin genes.  

In our study, colicin E1 genes were identified in both bacteriocin-producing and non-pro-
ducing ST131 isolates. This colicin has already been described to be a potential virulence 
factor for uropathogenic E. coli strains and is frequently found in UPEC [46]. The colicin 
Ib gene was identified in all ST131 bacteriocin-producing isolates in our study and was 
found before to play a role in the competition with intestinal E. coli [10]. Together with 
the colicin Ia and microcin V, these bacteriocins are highly frequent in successful clones 
causing symptomatic and asymptomatic UTIs [47]. The presence of  bacteriocin-encod-
ing plasmids may increase the survival and help compete against other  

E. coli in the gut, resulting in colonization of  the gut by these sublineages, thereby increas-
ing their risk to cause UTIs, particularly, because UTIs can start with the contamination 
of  the periurethral region by bacteria present in the gut [48]. Such association between 
high colonization rates and UTIs was already described for the beta-lactamase-producing 
O25:H4 ST131 clone [47]. In addition, the presence of  bacteriocin(s) in high-risk clones 
can lead to long-term colonization and persistence of  ESBL-producing ST131 E. coli 
[49,50].

Previous studies reported the importance of  plasmids in the evolution of  sublineages, 
particularly the highly resistant and virulent H30Rx-ST131 [21]. The presence of  both 
bacteriocin- and resistance gene carrying plasmids in H22 and H30 ST131 isolates may 
increase the chance of  spread of  those plasmids among the more antibiotic resistant 
sublineages as H30-R and H30Rx-ST131 or less resistant H41 and enhance the chances 
for the emergence of  other high-risk sublineages. It has been shown that the evolution 
of successful lineages such as ST131 is driven by the efficiency of obtaining a high-resis-
tance and -virulence profile with less metabolic stress, i.e., with lower fitness cost. 
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We identified a positive association between the presence of some virulence and bacte-
riocin genes. This result is consistent with previous studies that showed an association 
between the presence of  common virulence genes and bacteriocin genes in UPEC [9,13]. 
Most of  the virulence genes associated with bacteriocins in our study were iron uptake 
genes, supporting the view that the fyuA and iroN genes are associated with different 
bacteriocins [51]. In addition, we did not identify a positive association between the MDR 
profile and the presence of bacteriocin genes, which is in agreement with the results of a 
previous study [9].

Through phenotypical analysis, we investigated whether the presence of plasmids en- 
coding resistance, bacteriocins and other virulence factors affects the adhesion and in- 
vasion ability to uroepithelial cells, which are key events in UTIs’ pathogenesis [48,52]. 
Our results show that the presence of three bacteriocin-encoding plasmids seems not  to 
affect the adhesion and invasion ability, since no significant difference was found 
between the bacteriocin-producing isolates and most of the non-bacteriocin producing 
isolates. Further, we investigated whether the presence of plasmids containing resistance 
and bacteriocin genes could improve the virulence of the bacteria without affecting the 
spread and maintenance of this plasmid. For this, we constructed a DH5α strain (DH5α
+), containing a ColE1 plasmid (p5848A1.2), carrying both the blaCMY-2 and colicin E1 
genes. This strain showed a significant increase in the ability to adhere and invade 
urothelial cells compared to the parental DH5α strain. Also, a previous study showed 
that the carriage of ESBL-encoding plasmids improves the virulence in some strains 
[53]. In addition, a higher copy number of the plasmid in the transformant strain 
compared to that of the plasmid in clinical isolates, and thus a higher expression of the 
bacteriocin gene located on it, may be associated with an increase in virulence. However, 
no difference in virulence was observed between the transformant strain and the clinical 
isolates. Moreover, the presence of this plasmid does not seem to increase the overall 
bacterial fitness cost. Furthermore, the original plasmid containing the colicin E1 
(p5848A1) and the modified plasmid containing the colicin E1 and blaCMY-2 genes 
belong to the same MOB subtype and, therefore, are expected to have the same transfer 
range. This means that the acquisition of a resistance gene seems not to affect the 
structural properties of the transfer range. These results are in agreement with previous 
findings showing that ColE1 plasmids are important vehicles for antibiotic resistance 
and other traits in Enterobacteriaceae [42]. Together, the presence of ESBL and 
bacteriocin plasmids in E. coli ST131 isolates could improve the bacterial competition 
ability and resistance without an increase in the fitness cost, which would make the 
transmission of these plasmids more likely. 
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edly important to monitor the evolution of  these high-risk clones.
in vivo, their identification and characterization using molecular approaches are undoubt- 
virulence potential of  isolates carrying these plasmids still needs to be further evaluated 
difficult-to-treat sublineages of ST131, such as H30Rx-ST131. Despite the fact that the 
increases the chance of  spread, including spread to other bacterial species and to already 
reduce  the  adherence  and  invasion  potential  and  do  not  come  with  a  high  fitness  cost, 
thereby  enhancing  the  chances  for  causing  UTIs.  The  fact  that  these  plasmids  do  not 
ST131  high-risk  isolates  is  a  concern,  as  it  may  result  in  increased  colonization  rates, 

blaCMY-2 gene,  and  bacteriocin-containing  plasmids  in  highly  resistant  and  virulent E.  coli 
In  summary,  the  combined  presence  of   resistance  genes,  such  as  the  beta-lactamase 
Conclusions
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ID ST Phylogenetic 
group

Type of  bacteriocin 

9307 ST91 B2 Colicin_A, Colicin_Ib, Colicin_E9, Colicin_Y, 
Microcin_B17

5332 ST131 B2 Colicin_E1, Colicin_Ia, Pyocin_S

5848 ST131 B2 Microcin_V, Colicin_Ia, Pyocin_S, Colicin_E1

5038 ST58 B1 Microcin_V, Colicin_E1, Colicin_Ia

5306 ST641 B1 Colicin_Ia, Microcin_V, Colicin-A, Colicin-M

1825 ST93 A Pyocin_S, Colicin-M, Colicin_Ia

3921 ST101 B1 Colicin_Ia

7167 ST1431 B1 Microcin_V, Colicin_Ia

6419 ST676 B2 Pyocin_S, Colicin_Ia, Colicin-M

9097 ST95 B2 Pyocin_S, Colicin_Ia

6632D ST453 B1 Colicin_Ia

7500 ST744 A Pyocin_S, Colicin_Ia

6492 ST12 B2 Colicin_E9, Colicin_Ia

7078 ST131 B2 Colicin_E1, Colicin_Ia, Pyocin_S

no
n-

ba
ct

er
io

ci
n 

pr
od

uc
er

 is
ol

at
es

7018 ST131 B2 Pyocin_S

7104 ST131 B2 Pyocin_S, Colicin_E1

9260 ST131 B2 Pyocin_S

9581A ST131 B2 Pyocin_S

7974 ST131 B2 Pyocin_S

5976 ST131 B2 Pyocin_S, Colicin_E1

8565 ST131 B2 Pyocin_S

9893 ST131 B2 Pyocin_S, Colicin_E1

3218 ST131 B2 Pyocin_S, Colicin_E1

6202 ST131 B2 Pyocin_S

1294D ST131 B2 Pyocin_S

3528 ST131 B2 Pyocin_S

4233 ST131 B2 Pyocin_S

5770D ST131 B2 Pyocin_S

1710D ST131 B2 Pyocin_S

9533D ST131 B2 Pyocin_S

2724 ST131 B2 Pyocin_S

2206 ST131 B2 Pyocin_S
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5420 ST131 B2 Pyocin_S

6638 ST131 B2 Pyocin_S

2102 ST131 B2 Pyocin_S

2478 ST131 B2 Pyocin_S

4006 ST131 B2 Pyocin_S

7348 ST73 B2 Colicin-10, Colicin_E9

2723A ST73 B2 Colicin-E1, Colicin_E9

3052 ST73 B2 Colicin_E9

9492 ST73 B2 Colicin_E9, Pyocin_S

6077 ST10 A Microcin_B17

8874 ST10 A Microcin_V, Colicin-A, Colicin-M

5217 ST10 A Colicin-M, Colicin-A

8200 ST10 A Colicin_E1

3188 ST10 A None

9733D ST10 A None

0015D ST10 A None

2986 ST648 B2 None

1843 ST648 B2 None

7002 ST648 B2 None

6022 ST648 B2 None

2993 ST648 B2 None

0107D ST648 B2 None

605 ST69 D None

2441 ST69 D None

108 ST69 D None

9715 ST69 D None

666 ST69 D None

4953 ST69 D None

2445A ST69 D None

7719 ST69 D None

864 ST69 D None

2877 ST405 D None

6161 ST405 D None

9602 ST405 D None

6050 ST405 D None
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Supplementary Figures

Figure S1. Bacteriocin genes identified among the bacteriocin producer-
isolates. The orange squares indicate the presence of colicin genes in the 
isolates, while the green squares indicate the presence of microcin genes in 
these isolates and the diagonal 
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the colicin Ib gene.

antibiotic resistance gene beta-lactamase blaCMY-2, the blc and sugE genes, and 
genes;  (D) the  complete  sequence  of  plasmid  p5848A1.2,  containing  the 
antibiotic  resistance  and  virulence  genes,  and  the  colicin  Ia  and  microcin  V 
complete annotated sequence of  plasmid p5848A3, highlighted in blue are the 
protein and  the  gene  encoding  the  colicin  E1  precursor  lysis protein;  (C)
p5848A1  indicating  the  E1  colicin  gene,  the  imm gene encoding the immunity 
encoding  the  immunity  protein;  (B) Complete  sequence  of   the  plasmid 

blaCMY-2, the  blc   and sugE genes,  the  colicin Ib gene,  and  the  imm   gene 
p5848A2, highlighted  in  blue  are  the  antibiotic  resistance  gene  beta-lactamase 
Figure  S2. Plasmids  Sequences  (A)  complete  annotated sequence  of   plasmid 



Figure S3. Alignment of  plasmids p5848A2 and pSTM709. Alignment of 
plasmid p5848A2 present in isolates 5332 and 5848 and pSTM709 
(HG428759) present in Salmonella enterica isolated in Uruguay. The orange 
trapeziums in the lower part of the figure represent the regions present in 
plasmid p5848A2 but absent in the Salmonella enterica plasmid pSTM709.
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Figure S4. Comparison of  plasmids p5848A1 and p5848A2.1. Alignment of 
plasmids p5848A1 present in the isolates 5848 and 5332 and the p5848A1.2 
plasmid present in the Dh5α+ mutant after recombination. The fragment 
containing the resistance gene and the flanked genes that recombined with 
p5848A1 plasmid is highlighted in yellow.

55

Supplementary data

184





CHAPTER  
RESISTANCE AND VIRULENCE 

PROPERTIES OF EXTRAINTESTINAL 
PATHOGENIC E.  COLI  CAUSING 

NOSOCOMIAL-AND COMMUNITY-
ACQUIRED URINARY TRACT 

INFECTIONS IN HOSPITALIZED 
PATIENTS IN RIO DE JANEIRO, BRAZIL  

Ana Carolina C. Campos1,2, Nathália L. Andrade2, Julio C. 
D Correal3, Carla C. Santos3, Marines du Teli Espina2, Jan 

Maarten van Dijl2, Monika A. Chlebowicz-Flissikowska1, Alex
W. Friedrich1, Nico T. Mutters4, Paulo V. Damasco5,6, Ana

Cláudia P. Rosa2, John W.A. Rossen1

University of Groningen, University Medical Center Groningen, 
Department of Medical Microbiology and Infection Prevention, The Netherlands

2Universidade do Estado do Rio de Janeiro, Faculdade de Ciências Médicas, 
Departamento de Microbiologia, Imunologia e Parasitologia, Brazil.

3Hospital Rio Laranjeiras, Rio de Janeiro, Brazil
4Heidelberg University Hospital, Center for Infectious Diseases, 

Medical Microbiology and Hygiene, Heidelberg, Germany
5Universidade do Estado do Rio de Janeiro, 

Departamento de Doenças Infecciosas e Parasitárias, 
Rio de Janeiro, Brazil.

6Universidade Federal do Rio de Janeiro, 
Departamento de Doenças Infecciosas e Parasitárias Brasil, 

Rio de Janeiro, Brazil

 Submitted to Memorias do Instituto Oswaldo Cruz

6



  

 

Chapter 6

187

and are associated with high-risk lineages.
forming bacteria are frequently found in  hospitalized  patients  having  a  UTI  in  Brazil 
patients’  risk  factors  was  found. Complicated UTIs caused by MDR-and biofilm- 
with non-MDR isolates. Most isolates were  biofilm-forming  but  no  association  with 
mortality rate of  patients infected with MDR-isolates was higher than of  those infected 
associated with UTIs in  patients with comorbidities  and  over  60 years of   age.  The 
MDR-and  ESBL-producing E. coli isolates belonged  to  high-risk  lineages and were 
resistance rates were high and the majority of UTIs were complicated CA-UTIs. Most 
biofilm-forming, adhesion and invasion abilities were quantitatively assessed. Antibiotic 
short-read sequencing. Antibiotic susceptibility was evaluated using VITEK-2 and the 
in  hospitalized patients in  Brazil.  Bacterial  DNA  was  extracted and sequenced using 
causing asymptomatic bacteriuria, or community (CA) or hospital  acquired (HA) UTIs 
and UTIs caused  by MDR or biofilm-forming ExPECs  and to characterize ExPECs 
with persistent UTIs. To reveal a possible association between patients’ risk factors 
difficult to threat. Additionally, virulence mechanisms as biofilm formation are associated 
tract infections (UTIs). They are increasingly multidrug resistance (MDR) making them 
Extraintestinal pathogenic Escherichia coli (ExPEC) is the most common cause of  urinary 
Abstract
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E. coli isolated from patients
susceptibility, the presence of virulence and resistance genes and the sequence type of 
including  the  biofilm-forming  ability,  adhesion  and  invasion  abilities,  antibiotic 
treatment  strategies against  UTIs.  Therefore,  we  aimed  to  reveal  the  characteristics, 
Such  information is  important  as  it  helps  to  improve  the  risk  assessment  of   and 
patients’ risk factors and ABU/UTIs caused by MDR and/or  biofilm-forming E. coli. 
threat.  However,  only  few  studies  have  focused  on  a  possible  association  of  the 
In Brazil, the increase of  UTIs caused by MDR E. coli represents a serious public health 

most common causes of sepsis.
UTIs  are  uncomplicated,  inside the  hospitals  complicated  UTIs  remain  one  of   the 
patients,  UTIs  are  mostly considered  as  complicated  [10].  Although  the  majority  of 
increase  the  risks of   acquiring  an  infection  and  of   therapy  failure  [9].  In  male 
immunosuppression, comorbidities (diabetes, neurogenic bladder). Such comorbidities 
or  the  presence  of   an  underlying  disease  as,  e.g.,  renal  transplantation, 
with a condition, such as structural or functional abnormalities of  the genitourinary tract 
a longer period of  antibiotic treatment [8]. A complicated UTI is an infection associated 
UTIs can be classified into uncomplicated or complicated infections, the latter requiring 

successful global spread of these bacteria.
combination  of   high  resistance  and virulence  profiles  in E.  coli contributed  to  the 
of   therapeutic  failure,  especially in  some  of   the  device-associated  infections.  The 
bacterial cells present in biofilms to antimicrobial agents [7] being an important reason 
indwelling  medical  devices  [6].  Previous  studies  have  demonstrated  the  resistance  of 
complex  intracellular  bacterial  community,  and  form  biofilms  on  abiotic  surfaces  of 
UPEC  can  form  an intracellular  biofilm-like  pod  in  urogenital  cells,  the  so  called 
in  the  genito-urinary tract  and  interferes  with  bacterial  eradication  [5].  Remarkably, 
Also biofilm formation increases the virulence of  an isolate as it helps bacteria to persist 
infection, these  virulence  factors  often  interfere  with  the  host  defense  response  [4]. 
allowing the adhesion and colonization of  host mucosal surfaces. In a later phase of 
phores,  and  adhesins  that  play  an  important  role  in  the  initial  phase  of   infection  by 
caused  by E.  coli is  the  presence  of  virulence  factors  such  as  fimbriae,  toxins,  sidero- 
and  more  severe  infections  [3].  Another  factor  determining  the  severity  of   infections 
resistance to antimicrobials contributes to bacterial persistence and can lead to chronic 
the slow development of new antibiotics, treatment options are sometimes scarce[2]. The 
tomatic bacteriuria (ABU) With the emergence of  multi-drug resistant (MDR) E. coli and 
urinary tract infections (UTIs) [1]. In addition, they are also the major cause of asymp- 
(UPEC), are the most common cause of  hospital- (HA) or community-acquired (CA)
Pathogenic  extraintestinal Escherichia  coli (ExPEC),  especially  uropathogenic E.  coli 

Introduction



with ABU and UTIs hospitalized in Rio de Janeiro, Brazil, and their possible association 
with patients’ risk factors.

Material and Methods
Bacterial strains, growth conditions, antimicrobial susceptibility 

and case definitions
A total of  63 E. coli isolates were collected during a period of  one year (November/2015- 
November/2016) from urine samples of  hospitalized patients in four different hospitals 
located in Rio de Janeiro, Brazil. The well characterized strain 042 was used as a positive 
control for biofilm formation [11]. Microorganisms were stored at -80oC in a Luria Broth 
(LB) medium (Merck, S.A) with 20% glycerol before culturing them for further analy-
ses. Susceptibility tests were performed using the Vitek-2 (bioMérieux, Marcy l'Etoile, 
France) and interpreted following EUCAST guidelines (v7.1, 2017). Isolates resistant 
to three or more antimicrobial classes were considered to be MDR. Data from patients 
suffering from ABU or CA- or HA-UTIs were collected, including age, sex, mortality 
rates, and risk factors as, e.g., primary site of  infection, comorbidities, use of  immuno-
suppressors and previous hospitalization. The patients were interviewed, and their medi-
cal records were reviewed to obtain demographic and clinical data. ABU were defined as 
cases where 105 CFU/mL of E. coli was isolated from urine samples of  patients without 
any symptoms of  a UTI. Comorbidities were defined as one or more coexisting medical 
conditions along with the diagnosis of UTIs or ABU. HA-UTIs were defined as cases 
where the urine samples were collected at least 72h after admission to the hospital and 
the patient did not have clinical symptoms before or during this period. Complicated in-
fections were defined as UTIs occurring in a host with predisposing conditions (risk-fac-
tors), regardless of  the presenting syndrome or severity of  illness.

DNA extraction, whole genome sequencing and molecular analysis 
Total DNA was extracted from all 63 isolates using the Ultraclean® microbial DNA 
isolation kit (Qiagen). A DNA library was prepared using the Illumina Nextera XT kit 
and libraries were sequenced on a MiSeq (Illumina) as previously described [12]. De 
novo assembly was performed using CLC Genomics Workbench v10.0.1 (Qiagen, CLC 
bio A/S, 143 Aarhus, Denmark). The reference genomes were uploaded to the ENA 
database (project number: PRJEB23420). Annotation was performed by uploading se-
quences to the RAST server version 2.0 [13]. The MLST sequence types (ST) and whole 
genome (wg) MLST complex types (CT) were identified by uploading assembled ge-
nomes to SeqSphere v4.1.9 (Ridom, Muster, Germany). For the wgMLST analysis in 
seqsphere, a 2764 genes core genome (cg) scheme in combination with 1785 accessory 
genes was used [14]. Resistance genes were identified by uploading assembled genomes 
in fasta format to ResFinder (CGE) [15]. Virulence genes were identified by uploading 
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incubation, cells were lysed and further processed as described above.
incubated for another 1.5h to  kill the attached but not the intracellular bacteria. After 
replaced after 3h of  incubation by a medium containing 100 µg/ml of kanamycin and 
determined for each isolate. For the invasion experiment, the medium of the cells was 
diluted and  plated onto TSA  agar plates and the number  of colony  forming units was 
(PBS) and then lysed using 0.1% Triton X-100 in  PBS. Lysates were collected, serially 
37oC in a CO2 incubator, cells were washed three times with phosphate-buffered saline 
different isolates using a multiplicity of infection of 20. After 3h or 6h of  incubation at 
HEK-293 were grown in a monolayer in 24-well plates and inoculated in triplicate with 
Scotland) supplemented with 2% fetal bovine serum (VWR, Roden, The Netherlands). 
maintained in Dulbecco’s modified Eagle medium (ThermoFisher  Scientific,  Paisley, 
isolates, epithelial HEK-293 cells (Human embryonic kidney cells; ATCC®LGC) were 
To  compare the adhesion and invasion ability (in)to urinary tract cells of the different 

Adhesion  and  Invasion  assay

our study.
found for reference strain 042 known to form biofilm and used as a positive control in 
form biofilm if an OD≥1.15432 was found. This cut-off value was based on the value 
trophotometric  device  (Tecan  Trading  AG,  Switzerland).  The  strain  was  considered  to 
95% ethanol was added and biofilm formation was quantified at 570 nm using a spec- 
with  0.5%  CV  (Crystal  Violet)  for  5  min.  After  washing  with  distilled  water,  200μl of 
planktonic  cells  were  removed  and  rinsed  three  times  with  distilled  water  and  stained 
bacterial  strains)  of the  overnight  culture  and  incubated  for  24h  at  37oC.  Then,  the 
tom  polystyrene  micro  titer  plates  (TPK)  was  inoculated  with  5μl (approximately  105 

LB- medium at 37oC overnight. Subsequently, 200μl of LB-medium in 96-well flat-bot- 
Quantitative  biofilm formation  was  assessed by  culturing isolates in microtiter wells  in 

Biofilm  formation  assay

specific virulence genes [17].
genes (traT, malX, kpsM). The phylogenetic groups were determined by the presence of 
genes (sfaS, papA, papG, papGII, papGIII, fimH, afa operon, agn43) and other virulence 
tem genes (iha, iroN, fyuA, fhuA, fhuE, Irp2, iutA), toxin genes (cnf1, hlyA, hlyD), adhesin 
v10.0.1 (Qiagen, CLC bio A/S, Aarhus, Denmark). These genes include, iron uptake sys- 
genes downloaded from NCBI or the ENA database using CLC Genomics Workbench 
genes were identified by blasting assembled genomes against known virulence reference 
assembled genomes in fasta format to VirulenceFinder 1.5. [16] Other, specific virulence 
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addition, 57% of the isolates in this study were resistant to fluoroquinolones (n=36) and
were obtained from patients suffering from CA-UTIs (80%; n=4) or ABU (20%; n=1). In 
percentages  were 42%, 37% and  25%,  respectively.  Carbapenemase-producing  isolates 
and 29% of the ABU cases, CA-UTIs and HA-UTIs, respectively. For ESBL E. coli these 
Spectrum Beta-Lactamase (ESBL)-producing ones. MDR E. coli were found in 57%, 43.8% 
A total of 33 (52.3%) patients were infected with MDR E. coli and 25 (39.6%) with Extended 
ed (73%). For HA-UTIs and CA-UTIs, this was 91% and 75%, respectively (Table 1). 
the ABU cases were found in female patients. Most UTIs were classified as complicat- 
a HA-UTI  (64%), while most women  had a CA-UTI (66.6%). In addition,  57.1%  of 
be classified  as  CA-UTIs  (50.7%;  n=32)  or  HA-UTIs  (38.0%;  n=24).  Most  men  had 
seven (11.1%) patients were found to have an ABU, most patients had a UTI that could 
(3.1%), suffering from neurological diseases (38.0%) and HIV infection (1.5%). Whereas 
obstructive  urinary tract diseases (14.2%), catheterization (7.9%), acute kidney failure 
undergoing  surgical procedures (14.2%), diabetes (23.8%), neoplastic diseases (22.2%), 
tients: admission  to  an  intensive  care  unit (38.0%), previous  hospitalization (39.6 %), 
3.3 years  old  (range: 11 to 97). The  following  risk  factors  were recorded for  the  pa- 
A total of 63 patients (46 females, 73%) were included in this study with a mean age of 67.86 ±
Results

data for this study.
that signed a consent form in which they gave permission for the use of samples and 
45780215.8.0000.5259. All the samples used in this study were obtained from patients 
committee according to Brazilian legislation and received the following CAAE number:
This study was submitted and approved by the Pedro Ernesto University Hospital ethical 
Ethics

results with p values below 0.05 (p<0.05) were considerate significant.
univariate analysis were considered for inclusion in the logistic regression models. The 
sion analysis for multivariate analysis. Variables that achieved a probability of  <0.1 in the 
with and without risk factors. The correlation study was performed using logistic regres- 
comparisons  were  used  to  analyze  the  frequency  of  specific isolates between  patients 
and the Student t test and the Mann-Whitney U test for continuous variables. Bivariate 
Statistical significance was assessed using the Fisher’s exact test for categorical variables 
ysis  of   percentages,  mean  and  standard  deviation  for  categorical  and  numerical  data. 
Software version 24.0 (SPSS Inc., Chicago, IL, USA). Statistical procedures included anal- 
Data analysis was performed using the Statistical Package for the Social Sciences (SPSS)

Statistical  analysis



28% to aminoglycosides (n=18). The frequency of aminoglycosides and fluoroquinolones 
resistant isolates was higher in patients with CA-UTIs (65% and 46%, respectively). Fifty 
(79.3%) isolates obtained from patients having a CA- UTI (n=20; 62.5%), HA-UTI (n=10; 
41.6%) or ABU (n=4; 57.1%) had biofilm-forming properties (Figure 1 and Table 1). 

We tried to identify patient’s risk factors possibly associated with infections caused by 
MDR and biofilm-forming isolates. Comorbidities as diabetes (OR=3.913; 95%CI 
0.960-15.947; p=0.045), neurologic (OR=3.491; 95%CI 1.177-10.354; p=0.020) and 
neoplastic diseases (OR=3.913; 95%CI 0.960-15.947; p=0.045) were found to be 
statistically significantly associated with UTIs caused by MDR isolates. An age older 
than 60 years (OR=3.580;95%CI 1.021-12.551; p=0.036) and neurologic diseases 
(OR=3.564;95%CI 1.222-10.390; p=0.018) were associated with UTIs caused by 
ESBL-producing E. coli. The mortality rate for patients suffering from UTIs caused by 
MDR or ESBL-producing E. coli was significantly higher than from patients suffering 
from UTIs caused by non-MDR and non-ESBL-producing isolates. We also tried to 
identify risk factors associated with infections caused by biofilm-forming isolates. 
However, despite the observation that the frequency of  having one or more risk factors 
was higher in this group compared to non-biofilm-forming isolates, not significantly 
statistically difference was found for a specific risk factor (Table 2).
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Table 1. Characteristics of  patients included in this study.  

Clinical Characteristics Total n(%)a Hospital Ac-
quired n(%)b

Community 
acquired n(%)b

Asymptomatic 
Bacteriuria 

n(%)b

Hospital HUPE 17 (28.5) 9 (37.5) 7 (21.8) 1 (14.2)

HRL 31 (49.2) 9 (37.5) 18 (56.2) 4 (57.1)

FBLO 10 (15.8) 2 (8.3) 6 (18.7) 2 (28.5)

BAM 5 (6.3) 4 (16.6) 1 (3.1) 0 (0)

Female gender 46 (73) 14 (58.3) 28 (87.5) 4 (57.1)

Age (years, mean±SD) 67.86±3.3 67.73±5.4 69.09±4.8 71.85±58

Wards Intensive care unit 24 (38.0) 6 (25) 13 (40.6) 5 (71.4)

Hospital room 3 (4.7) 1 (4.1) 2 (6.2) 0 (0)

Infirmary 36 (57.1) 17 (70.8) 17 (53.1) 2 (28.5)

Patient 
Origin

Home 46 (73.0) 15 (62.5) 31 (96.8) Not informed

Hospital/Healthcare 
institutions

10 (15.8) 9 (37.5) 1 (3.1) 0 (0)

Prior hospitalization (>48hours) in 
the last 90 days

25 (39.6) 16 (66.6) 6 (18.7) 3 (42.8)

Surgical procedure in the hospital-
ization

9 (14.2) 6 (25) 3 (9.3) 0 (0)

Concomitant infections 13 (20.6) 9 (37.5) 3 (9.3) 1 (14.2)

Other  
Comorbid-
ities

Diabetes mellitus 15 (23.8) 8 (33.3) 7 (21.8) 0 (0)

Neurologic disease 24 (38.0) 9 (37.5) 12 (37.5) 3 (42.8)

Neoplastic diseases 14 (22.2) 7 (29.1) 5 (15.6) 2 (28.5)

Chronic kidney disease 4 (6.3) 1 (4.1) 2 (6.2) 1 (14.2)

Acute kidney failure 2 (3.1) 2 (8.3) 0 (0) 0 (0)

Chronic obstructive 
pulmonary disease

5 (7.9) 2 (8.3) 3 (9.3) 0 (0)

Obstructive pathology 
of  the urinary tract

9 (14.2) 5 (20.8) 3 (9.3) 1 (14.2)

Other 
risk-factors 
to UTis

Indewelling cathter 5 (7.9) 2 (8.3) 2 (6.2) 1 (14.2)

Imnusosuppressor use 3 (4.7) 2 (8.3) 0 (0) 1 (14.2)

HIV 1 (1.5) 0 (0) 0 (0) 1 (14.2)

Trauma 9 (14,2) 5 (20.8) 3 (9.3) 1 (14.2)

Mortality rate 17 (26.9) 7 (29.1) 7 (21.8) 3 (42.8)

Complicate infections 46 (73.0) 22 (91.6) 24 (75) Not applicable

50 (79.3) 18 (75) 25 (78.1) 7 (100)
  aPercentages were based on the total number of  patients (n=63); bPercentages were based on the total num-
ber of  patients for the indicated type of  infection. HUPE, HUPE-University Hospital Pedro Ernesto; HRL, 
Rio-Laranjeiras Hospital. FBLO, Bela Lopes de Oliveira Foundation; BAM, Bambina Hospital. All hospitals 
are located in Rio de Janeiro, Brazil.
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Resistance genes most frequently identified among our isolates were blaTEM-1B (n=28; 
44.4%), strB(aph(6)-Id) (n=26; 41.2%), sul1 (n=26; 41.2%), sul2 (n=26; 41.2%), mph(A) 
(n=24; 38.8%), tetA (n=23; 36.5%), and dfrA17 (n=20; 31.7%). The aac(6’)Ib-cr gene was 
the most frequently found fluoroquinolone resistance gene in the isolates (14.2%). Sever-
al clinical isolates had genes encoding for ESBLs, the most frequent gene identified was 
blaCTX-M-15 (n=11), followed by the blaCTX- M-14 gene (n=2), the blaCTX-M-2 gene (n=2) and the 
blaCMY-2 gene (n=1). All carbapenemase-producing isolates had the blaKPC-2 gene (Figure 
2A). The frequency of  resistance genes in isolates obtained from patients with a CA-
UTI, HA-UTI or ABU was similar. From patients suffering from CA-UTIs , 45.5% of 
the bla-CTX-M-15-producing E. coli and 55.5% of the E. coli containing the fluoroquino-
lones resistance gene aac(6’)Ib-cr were isolated. The frequency of the blaCTX-M-15 gene in 
isolates from patients with an ABU was 14.2% and from none of  these patients isolates 
having the aac(6’)Ib-cr fluroquinolones resistance gene were obtained.

We investigated the presence of  65 virulence genes. The most frequently found vir-
ulence genes involved in iron uptake were tonB (n=61; 96.8%), fhuE (n=60; 95.2%), 
fhuA (n=58; 92.0%) and fyuA (n=45; 71.4.0%). In addition, the fimH gene was pres-
ent in 96.8% of  the isolates, while the papAH genes were present in 42.8% of  the 
isolates. Also, toxins were detected among these isolates, most frequently the hlyD 
gene (n=61, 96.8%) and the sat gene (n=17, 26.9%). Other frequently found viru-
lence genes were malX (n=60; 95.2.%), iss (n=51; 80.9%), traT (n=43; 68.2%), ompT 
(n=43; 68.2%) and agn43 (n=47; 74.6%) (Figure 2B). In general, the number of  viru-
lence genes present in isolates from patients with an ABU, the CA- or HA-UTI were 
similar and no association was found between the presence of  virulence genes and the 
type of  UTI. However, the presence of  usp and vat genes were more frequently de-
tected in isolates of  patients with a CA- UTIs. In addition, MDR isolates had a high-
er number of virulence genes but not statistically significantly difference was found.

The MSLT results revealed that our isolates belong to 31 different sequence types 
(ST) types, being ST131 the most frequent (n=16) followed by ST69 (n=6), ST10 
(n=4), ST648 (n=3) and ST405 (n=3). Two isolates with ST73, ST1703, ST93, 
ST641, ST744 and ST1193 were found and only one isolate for the other STs (single-
ton STs). The majority of  isolates belonged to phylogenetic group B2 (50.7%, n=32), 
whereas 12 (19%) isolates belonged to phylogenetic group A, 12 (19%) to D and 6 
(9.5%) to group B1. One isolate belonged to the phylogenetic group F and for 2 iso-
lates the phylogenetic group could not be identified. Subsequently, we determined the 
serotype of  the isolates. All ST131 isolates were found to belong to O25:H4, while the 
majority of  ST69 isolates belonged to O17/O44:H18. All ST405 and all ST648 isolates 
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had the same serotype, i.e., ST405/O102:H6 and ST648/O1:H6, respectively. The ABU 
cases were caused by isolates that belonged to ST10, ST69, ST93, ST354, ST405, ST744 
and ST2530. Interestingly, most ST131 isolates (n=14) were isolated from patients with 
CA-UTIs, causing 43.7% of  these infections. The ST types causing HA-UTIs were more 
diverse and only in two cases caused by ST131 and in three cases by ST648 E. coli (Table 3).
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Table 2. Risk factors for acquisition of UTIs caused by MDR, ESBL-producing or bio-

Variable MDRa n (%) OR CI 95% p- valueb

Female 24 (72.1) 0.970 0.318-2.955 0.591

Age > 60 years 24 (72.1) 2.955 0.475-4.146 0.367

Prior hospitalization 12 (36.4) 1.404 0.310-2.373 0.485

Surgical procedure 5 (15.2) 4.146 0.281-4.797 0.563

Concomitant infections 6 (18.0) 0.857 0.253-3.123 0.553

Diabetes mellitus 10 (30.3) 2.373 0.960-15.947 0.045

Neurologic disease 17 (51.5) 1.161 1.177-10.354 0.020

Neoplastic diseases 10 (30.3) 4.797 0.960-15.947 0.045

Chronic kidney disease 1 (3.0) 0.889 0.028-2.863 0.271

Acute kidney failure 1 (3.0) 3.128 0.054-15.158 0.730

Chronic obstructive pul-
monary disease

3 (9.1) 3.913 0.218-9.010 0.546

Trauma 3 (9.1) 15.947 0.090-1.768 0.191

Mortality rate 13 40.60) 3.491 1.039-11.262 0.035

  aMDR, multidrug resistance; ESBL, Extended-spectrum-beta-lact -
Chi square test.
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ESBL n 
(%)

OR CI 95% p-value Biofilm- 
produc-
ers n (%)

OR CI 95% p-value

17 (68.0) 0.659 0.214-2.031 0.329 36 (72.0) 0.771 0.185-3.225 0.51

21 (84.0)  3.580 1.021-12.551 0.036 35 (55.5) 1.432 1.095-1.874 0.58

9 (36.0)  0.863 0.304-2.450 0.497 17 (34) 0.442 0.128-1.522 0.160

4 (16.0)  1.257 0.303-5.222 0.513 7 (14.0) 0.895 0.163-4.927 0.599

4 (16.0)  0.714 0.190-2.683 0.438 9 (18.0) 0.732 0.167-3.209 0.472

7 (28.0)  2.074 0.604-7.124 0.196 11 (22.0) 1.551 0.298-8.066 0.463

14 (56.0)  3.564 1.222-10.390 0.018 20 (40.0) 1.500 0.406-5.541 0.392

8 (32) 3.106 0.880-10.964 0.069 11 (22.0) 1.551 0.298-8.066 0.463

2 (8.0) 1.565 0.206-11.901 0.522 3 (6.0) 0.766 0.073-8.034 0.613

1 (4.0) 1.542 0.092-25.839 0.640 1 (2.0) 0.245 0.014-4.203 0.373

2 (8.0) 1.014 0.157-6.549 0.666 5 (10) 1.111 1.013-1.219 0.301

3 (12.0) 0.727 0.164-3.222 0.487 7 (14) 0.895 0.163-4.927 0.599

12 (50.0) 5.333 1.633-17.416 0.005 14 (28.6) 0.900 0.238-3.406 0.563

-amase; OR, odds ratio;and CI, confidence interval at 95%. bP-values were calculated using the

film-producing E. coli isolates.
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Table 3. Characteristics of  E. coli isolates causing HA-and CA-UTIs and ABUs.  

HA-UTIsa n (%) CA-UTIs n (%) ABU n (%)

MLST and Serotype

O25:H4-ST131 2 (8.3) 13 (40.6) 0 (0)

O15:H18, O17/
O44:H18, O25:H18 or 
O15:H2 -ST69

2 (8.3) 3 (9.3) 1 (14.2)

O22:H1 or O6:H1-ST73 0 (0) 2 (6.2) 0 (0)

O107:H54 or O89:H10- 
ST10

1 (4.1) 2 (6.2) 1 (14.2)

O102:H6-ST405 1 (4.1) 1 (3.1) 1 (14.2)

O1:H6-ST648 2 (8.3) 1 (3.1) 0 (0)

Other lineages isolates 16 (66.6) 10 (31.2) 4 (57.1)

Phylogenetic group

A 5 (20.8) 4 (12.5) 1 (14.2)

B1 3 (12.5) 3 (9.3) 0 (0)

B2 12 (50) 20 (62.5) 1 (14.2)

D 4 (16.6) 3 (9.3) 2 (28.5)

F 0 (0) 0 (0) 2 (28.5)

MDRb 13 (54.1) 17 (53.1) 4 (57.1)

ESBLc 10 (41.6) 14 (43.7) 3 (42.8)

  aHA-UTIs: hospital acquired urinary tract infections (UTIs); CA-UTIs: community acquired 
UTIs; ABU: asymptomatic bacteriuria. bMDR: multidrug resistance. cESBL: extended-spec-
trum-beta-lactamase.

Chapter 6

199



 

 

    

 
   

 
 

 
 

 

6

Resistance and Virulence Properties of  Extraintestinal Pathogenic E. coli causing nosocomial-and community acquired urinary tract infections in hospitalized patients in Rio de Janeiro, Brazil

200

patients  infected with a high-risk clone to that of  patients infected
obtained  had  complicated  UTIs.  Subsequently,  we  compared the  mortality  rate  of 
from  1  ABU  case.  Furthermore,  all  patients  from which  an  ST648  isolate  was 
(n=2) E.  coli was  isolated.  On  the  other  hand,  ST405 (n=1) E.  coli was  only  isolated 
other  lineages.  From  only  two  patients that  had  a  non-complicated  UTI  an  ST131 
risk  lineages  were  more  often the  cause  of  the  UTIs  than E.  coli belonging  to 
in  patients  with  chronic kidney  and  neoplastic  diseases, E.  coli belonging  to  high- 
(n=19; 86.3%) and  in  patients  with  neurologic  diseases  (n=11;  50%).  Also, 
by ST131,  ST405  or  ST648 E.  coli were  found  in  people  older  than  60  years 
symptoms  with  infections  caused  by  such  high-risk  clones.  Most  infections  caused 
In  addition,  we  tried  to  reveal  a  possible  association  of  the  patient’s  risk  factors  and 

presence  ofvirulence  genes iha  (p=0.0278)  and usp (p=0.0001).
In  addition,  the  high-risk  clones  were  statistically  significantly associated  with  the 
to have a higher cell invasion ability compared to ST131 and ST405 isolates (Figure 4B). 
control  and  that  of ST405  isolates  (Figure  4A).  ST69  and  ST1703 isolates appeared 
all the isolates was significantly higher than that of the DH5α strain used  as  a negative 
for ST131 isolates and isolates belonging to other STs. However, the adhesion ability of 
forming ability. Similar results were found for the adhesion ability to uroepithelial  cells 
high-risk lineages. No statistically significantly differences were found for the biofilm- 
adhesion and invasion ability of isolates belonging to high-risk clones with that of  non- 
with  MDR  and  ESBL  profiles.  Therefore,  we  also  compared  the  biofilm-forming, 
high-risk clones, such as ST131, ST405 and ST648, which are known to be associated 
46%  of CA-UTIs  and  20%  of HA-UTIs  were  caused  by E.  coli isolates belonging to 
sistance genes between isolates obtained from patients with ABU , CA- or HA-UTIs, 
Although we  did not find significant  differences in the number  of  virulence  and re- 

with  CA-  or  HA-UTIs  isolates  (Figure  3).
patients  with  an  ABU  did  not  clustered and  were  most  of the  time  more  related 
than  with  the  AmpC-ESBL-producing ST131  isolate  5332.  The  isolates  from 
isolates  as  2102,  2206,  5420 and  6638,  were  more  closely  related  with  each  other 
producing  ST131  isolates clustered  together,  while  CTX-M-15  producing  ST131 
having  the  same  antimicrobial  resistance  profile.  Indeed,  the  carbapenemase- 
clusters with  ST131 isolates. A more closely genetic relatedness was found for isolates 
consisting  of isolates  from  ST744,  ST1193,  ST405  or  ST648  and  two  different 
isolates  belonging  to  other  ST.  In  total  six  clusters  were  identified,  four  clusters 
diversity within  ST131,  ST648  and  ST405  isolates  was  lower  than  observed  for 
they clustered  together  according  to  their  (wg)MLST  ST  and  serotype.  The  genetic 
showed  that  independently  of the  hospital  where  the  isolate  originated  from, 
by-gene  NGS-based  typing  method,  i.e.,  whole  genome  (wg)MLST.  Our  analyses 
We  investigated  the  relatedness  of   the  different  isolates  in  more  detail  using  a  gene- 
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Figure 2. Resistance and virulence genes identified in isolates obtained 
asymptomatic bacteriuria. A. The gray blocks indicate the presence of the 
resistance genes. B The orange blocks indicate the presence of virulence genes
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from patients suffering from community- or hospital acquired UTIs or an 
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(p=0.007; Table 4).
lineages  (n=9;  40%).  However,  not  statically  significantly  association  was  found 
that the mortality was higher among patients infected or colonized with high-risk E. coli 
with E. coli from other lineages (that were least isolated from two patients) and found 
the mortality rate of patients infected with a high-risk clone to that of patients infected 
which an ST648 isolate was obtained had complicated UTIs. Subsequently, we compared 
ST405 (n=1) E. coli was only isolated from 1 ABU case. Furthermore, all patients from 
that had a non-complicated UTI an ST131 (n=2) E. coli was isolated. On the other hand, 
the cause of  the UTIs than E. coli belonging to other lineages.  From only two patients 
kidney and neoplastic diseases, E. coli belonging to high-risk lineages were more often 
and  in  patients  with  neurologic  diseases  (n=11;  50%).  Also,  in  patients  with  chronic 
ST131, ST405 or ST648 E. coli were found in people older than 60 years (n=19;86.3%)
symptoms  with  infections  caused  by  such  high-risk  clones.  Most  infections  caused  by 
In  addition,  we tried  to  reveal a  possible  association  of the  patient’s  risk  factors  and 

of virulence genes iha (p=0.0278) and usp (p=0.0001).
addition, the high-risk clones were statistically significantly associated with the presence 
higher  cell  invasion ability  compared  to  ST131  and  ST405  isolates  (Figure  4B).   In 
and  that  of ST405 isolates (Figure 4A). ST69 and ST1703 isolates appeared to have a 
isolates was significantly higher than that of the DH5α strain used as a negative control 
isolates and  isolates  belonging  to  other  STs.  However,  the  adhesion  ability  of   all  the 
Similar  results  were  found  for  the  adhesion  ability  to  uroepithelial  cells  for  ST131 
es.  No  statistically  significantly differences  were  found  for  the  biofilm-forming  ability. 
vasion ability of  isolates belonging to high-risk clones with that of  non-high-risk lineag- 
and ESBL profiles. Therefore, we also compared the biofilm-forming, adhesion and in- 
clones, such as ST131, ST405 and ST648, which are known to be associated with MDR 
of  CA-UTIs and 20% of HA-UTIs were caused by E. coli isolates belonging to high-risk 
tance genes between isolates obtained from patients with ABU , CA- or HA-UTIs, 46% 
Although we did not find significant differences in the number of virulence and resis- 

(p=0.007; Table 4).
lineages  (n=9;  40%).  However,  not  statically  significantly  association  was  found 
that the mortality was higher among patients infected or colonized with high-risk E. coli 
with E. coli from other lineages (that were least isolated from two patients) and found 



Figure 4. Adhesion and Invasion of E. coli isolates. A. the results of the adhesion assay using 
representative isolates of ST131, ST405, ST69 and ST1703. B. the results of the invasion assay 
with the same isolates. The black bar indicates the DH5α strain used as a negative control and  
the grey-colored bars indicate the study isolates. *indicates a statistically significantly difference 
(p≥0.05) compared to the negative control and **indicates a statistically significantly difference 
(p≥0.05) compared to the negative control and the other isolates.
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Table 4.  Characteristics of  high-risk and non-high-risk E. coli isolates and of  the pa-
tients infected or colonized with these isolates.

Characteristics of  isolates high-risk E. coli1 n (%) Other  E. coli isolates n (%)

Biofilm-forming 17 (77.2) 19 (79.1)

MDR 18 (81.8) 9 (37.5)

ESBL 17 (77.2) 3 (12.5)

Characteristics of  patients

Age older 60 19 (86.3) 8 (33.3)

Prior hospitalization 6 (27.2) 7 (29.1)

Surgical procedure 4 (18.1) 1 (4.1)

Concomitant infections 1 (4.5) 1 (4.1)

Diabetes mellitus 5 (22.7) 4 (16.6)

Neurologic disease 11 (50) 4 (16.6)

Neoplastic diseases 5 (22.7) 3 (12.5)

Chronic kidney disease 3 (13.6) 0 (0)

Acute kidney failure 1 (4.5) 3 (12.5)

Chronic obstructive pulmonary 
disease

1 (4.5) 2 (8.3)

Trauma 4 (18.1) 3 (12.5)

Mortality rate 9 (40.9) 3 (12.5)
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cases were identified among male patients, while female patients had more CA-UTIs.
was higher than that of HA-UTIs, this difference was not significant. Most of HA-UTIs 
associated with UTIs in hospitalized patients. [18] Although the frequency of  CA-UTIs 
showing that  previous  hospitalization,  surgical  procedures  and  comorbidities  were 
diseases of  the  urinary  tract  and  catheterization.  Our  findings confirm  that of  others 
tic  diseases,  diabetes,  previous  hospitalization,  surgical  procedures,  obstructive 
our study, the most frequently found risk factors for UTIs were neurologic and neoplas- 
that showed that UTIs are more frequently found in women and elderly people [2]. In 
patients  and  patients  older  than  60  years.  These  results are  similar  to  those  of others 
these characteristics and patients’ risk factors. Most isolates were obtained from female 
pitalized in Rio de Janeiro, Brazil. In addition, we tried to possible association between 
tance genes and the ST of E.coli isolated from patients with ABU and UTIs and hos- 
sion and invasion abilities, antibiotic susceptibility, the presence of virulence and resis- 
In this study, we studied the characteristics, including the biofilm-forming ability, adhe- 

Discussion

ST93, ST641, ST744, ST1193 and ST1703.
  1High-risk E. coli lineages: ST131, ST405 and ST648; other E. coli lineages: ST10, ST73, ST69,
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explained  by the predominance of isolates that belong  to the B2 and D phylogenetic
usp genes that were more frequently identified in CA-UTIs isolates. Our results may be 
with an HA- or CA-UTIs or with ABU were similar, with the exception of the vat and 
and HA-UTIs. The distribution of virulence genes of the isolates obtained from patients 
In addition, we investigated the presence of  virulence genes associated with ABU, CA- 

observed in our study.
more difficult to eradicate[26], they are often causing complicated UTIs, which we also 
in biofilms are known to be associated with a higher resistance to antibiotics and to be 
tors  for  UTIs.  However,  not  statically  significantly association was  found. As bacteria 
forming isolates were associated with patients having comorbidities and other risk fac- 
tions, and with infected kidneys, septicemia and death [25], we investigated if biofilm 
known to be commonly associated with urinary catheters, chronic and recurrent infec- 
isolated  from  urine  samples  produced  biofilms [25]. As biofilm-forming  isolates are 
These results are consistent with previous studies that showed that about 80% of E. coli 
isolates  is  of  clinical  relevance.  In  our  study,  most  isolates  were  able  to  form  biofilm. 
with  catheter-associated  UTIs. [5] Therefore, revealing  the  biofilm-forming  ability  of 
Bacterial biofilm is often associated with persistence of microorganisms in the host and 

risk a factor for the emergence of  MDR uropathogens. [24]
caused  by  the  treatment  of their  disease.  Indeed,  immunosuppression  is known to be 
be  explained  by  the  immunosuppressed  condition  of patients  with  neoplastic diseases 
isolates.  [23]  The  association  between  neoplastic  diseases  and  MDR infections  may 
showing  age  to  be  an  independent  risk  factor  for  UTIs  caused  by ESBL-producing 
bacteria  were  associated  with  an  age  older  than  60  years,  confirming  previous  results 
hospitalized  patients  before.  [22]  In  addition,  UTIs  caused by  ESBL-producing 
Indeed, diabetes and neurologic diseases have been pointed as risk factors for UTIs in 
suffering  from  comorbidities,  mainly  diabetes  and  neurologic and  neoplastic  diseases. 
bacteria.  [21]  Here,  most  of the  MDR E.  coli were isolated  from  patients  also 
have  investigated  risk  factors  associated  with  UTIs, especially  those  caused  by  MDR 
to  third-generation  cephalosporins  and  fluoroquinolones,  respectively.  Several  studies 

presence of resistance genes, including blaCTX-M-15 and aac(6’)Ib-cr, genes causing resistance 
fluoroquinolones.  The  phenotypic  antibiotic resistant  results  correlated  with  the 
ESBL-producing  ones  and  a  high rate  of resistance  to  aminoglycosides  and 
Our  results  showed  a  high frequency  of UTIs  caused  by  MDR-E.  coli,  especially 
clinical  concern  due  to the  limited  antibiotic  options  to  treat  these  infections.  [20]
complicated UTIs [19]. MDR-E.  coli,  mainly  ESBL-producing  ones,  are  of increasing 
we  found  most male  patients  having  HA-UTIs  known  to  be  more  associated  with 
Only three male and four female patients were identified with ABU. As in other studies 
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high-risk clones and the presence
high-risk  clones.  These  results may  be  explained  by  the  known  association  between 
MDR or ESBL-producing isolates. A same association was found for UTIs caused by 
The  mortality  rate  was found to be higher for patients suffering from UTIs caused by 
risk-factors associated with infections caused by E. coli high-risk clones as ST131[29]. 
previous  studies  considered hospitalization  and  previous  antibiotic  treatment  as  host 
antibiotic  treatment in  elderly  patients  and  patients  with  neurologic  diseases.  Indeed, 
may  be  (partially) explained  by  the  higher  rate  of   previous  hospitalization  and 
from  neurologic diseases  and  in  patients  with  complicated  infections.  These  results 
high-risk clones  were  more  frequently  detected  in  elderly  patients,  patients  suffering 
for non-high-risk  lineages  frequently  identified in  this  study.  Overall,  UTIs  caused  by 
patients from which they were isolated. The results were compared with data obtained 
investigated the  virulence  characteristics  of   this  group  and  the  risk  factors  of   the 
Considering  the  high  number  of   UTIs  caused  by  high-risk  lineages  in  this  study,  we 

frequently found to be associated with a resistance profile [28].
a resistance profile, while isolates from other  lineages,  as  e.g.  ST69  and  ST10,  are  less 
described  previously[28]. Indeed, these lineages are known to be often associated with 
CA-and  HA-UTIs.  The  predominance of    ST131,  ST405  and  ST648   have   been 
belonging to ST131, ST405 and ST648 were responsible for approximately 35% of the 
frequently  found  in  CA-UTIs. Furthermore,  MDR  and  ESBL-producing  isolates 
and  ST648  were  the most  prevalent  STs  causing  UTIs  and  that  ST131  was  more 
fluoroquinolones resistant  [27].  Our  results  showed  that  ST10,  ST69,  ST131,  ST405 
the  spread  of  specific  bacterial  lineages  that  are  CTX-M  producing  and 
The worldwide increase of infections caused by MDR bacteria has been associated with 

circulate  among hospitals and in the community.
that  these bacteria,  including  bacteria  belonging  to  high-risk  lineages  as  ST131, 
which the  genetically  related  isolates  were  obtained.  Therefore,  these  results  suggest 
In  addition,  we  could  not  find  an  epidemiological  link  between  the  patients  from 
we identified six genetically related clusters, formed by isolates from different hospitals. 
Although  the  genetic  variation  observed  between  the  isolates  in  this  study  was  high, 

the gut[26].
often  required  and/or  of benefit for both MDR and non-MDR bacteria to persist in 
bacteriophages,  which can  easily  be  exchanged  between  strains.  Moreover,  they  are 
are  located  on  mobile-genetic elements,  such  as  plasmids,  pathogenicity  islands  and 
isolates. This may be explained by the fact that in ExPEC isolates many virulence genes 
bacteria isolates, although the number of virulence genes was generally higher in MDR 
association between  the  presence  of   virulence  genes  and  either  MDR  or  non-MDR 
groups  in  our  study,  which  are  known  to  be  more  virulent. We  did  not  find  an 
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combination of molecular and phenotypical characterization and epidemiological analy-
susceptibility  of  these  patients  to  infections  is  also  an  important  factor. Finally,  the 
resistant  lineages  were  associated  with  a  higher  mortality rate.  However,  the 
complicated  one,  belonged  to  high-risk E.  coli lineages. UTIs  caused  by  these  highly 
ABU.  Most  bacteria  isolated  from  patients suffering  from  a  UTI,  particularly  a 
of virulence and resistance genes among bacteria  causing  the  HA-UTIs,  CA-UTIs  or 
Moreover, we did not find a statistically significantly difference between the distribution 
patients  having  risk  factors  and having  a  UTI  caused  by  a  biofilm-forming  isolate. 
developing  an  UTI  caused  by ESBL-producing E. coli. No relation was found between 
caused  by  MDR E. coli, and  an  age  older  than  60  years  increase  the  risk  of 
and  neoplastic diseases  were  considered  to  increase  the  risk  of   developing  an  UTI 
are  highly  frequent among hospitalized patients. Comorbidities as diabetes, neurologic 
complicated CA-UTIs,  and  UTIs  caused  by  MDR/ESBL  and  biofilm-forming E.  coli 
hospitalization were the most frequently found risk factors in this study.  In addition, 
male  and  younger  patients.  Comorbidities,  surgery  procedures  and  previous 
In summary, the frequency of  UTIs among female and older patients was higher than in 

related to a specific lineage.
invasion  ability.  Although,  this  difference  may  be isolate-specific  rather  than  being 
ability than non-high-risk clones. However, the non-high-risk clones presented a better 
iron-regulated  adhesin,  respectively,  the  high-risk  clones  presented  a  similar  adhesion 
with  the  presence  of   the afa and iha genes encoding  the  afimbrial  adhesins  and  the 
These  results  showed  that  despite  the high-risk  clones  being  statistically  associated 
other lineages, however, ST1703 and ST69 isolates had a higher ability to invade cells. 
abilities,  ST131  isolates  showed the  same  ability  to  adhere  to  uroepithelial  cells  than 
bacteria growing in a biofilm [5].   When  we  investigated the  adhesion  and  invasion 
facilitating the exchange of genetic mobile elements containing resistant genes between 
may  be  due  to  insufficient  concentration  of  antibiotics  within  the  biofilm  or  by 
intrinsic  resistance  of  microorganisms  growing  in  biofilms  to  many  antibiotics,  which 
number  of  biofilm-producing  isolates  in  this  study.  Previous  studies  reported  the 
resistance profile and that of other lineages. These results may be explained by the high 
film-forming  ability  of  high-risk  lineages  that  were  associated  with  an  antibiotic 
In  this  study,  not  statistically  significantly differences  were  found  between  the  bio- 

factors and isolates characteristics and/or the mortality rate.
for all patients but may have had an important impact on the correlation between risk 
sample size. Secondly,  information  about  the  severity  of   infections  was  not  available 
mortality  rate. However, this study has several limitations including the relatively small 
clone, which  increases  their  susceptibility  to  infections,  may  explain  this  higher 
several  risk-factors  often  present  in  patients  having  a  UTI  caused  by  a  high-risk 
of an MDR/ESBL profile. The limited antibiotic treatment options and the presence of 



sis of E. coli isolated from UTIs could be helpful for the risk-assessment of the UTIs 
and for improving patient management.
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lactamases in South-America [12], [13].
previous  studies  reported  a  higher  prevalence  of   CTX-M-2 and  CTX-M-8  beta- 
Surprisingly,  most  ESBL  isolates  had  a  CTX-M-15 type  beta-lactamase,  whereas 
the  isolates  were  ESBL-producers  and  that 4.6%  were  resistant  to  carbapenems. 
of   the  patients  if   no  proper  diagnostics is  performed. We  also  found  that  28.9%  of 
antibiotics are commonly used to treat UTIs,  they  will  not  be  effective  in  almost  half 
resistance  rate  to  aminoglycosides and  fluoroquinolones  was  around  50%.  As  these 
Fortunately, the resistance rate to  fosfomycin  and  nitrofurantoin  was  still  low,  but  the 
aminoglycosides,  fluoroquinolones, trimethoprim  and  cephalosporins  [10],  [11]. 
resistance  to  first  choice  antibiotics  for  treatment  of  uncomplicated  UTIs,  such  as 
resistance rates compared to previous data available for Brazil. This included increased 
results of   the  work  described  in  chapter  2  we  observed  an  increase  in  antibiotic 
collected between November-2015 and November-2016 were investigated. Based on the 
In  this  thesis, E.  coli isolates  obtained  from  urine  samples  of   hospitalized  patients 

future perspectives.
inside Brazilian hospitals. In this final chapter, we deliberate on our findings and discuss 
understanding  of   the  importance  of   the presence  of  high-risk  clones  causing  UTIs 
virulence  and  drug  resistance  on various  levels.  Such  studies  contribute  to  a  better 
from urine samples of hospitalized patients in Rio de Janeiro looking at their fitness, 
goal of  the research described in this thesis was to characterise E. coli isolates obtained 
phenotypical  and  molecular characterization  of   UTI  causing  isolates.  Therefore,  the 
the past few years [8], [9], but only a few studies have been performed so far, combining 
these  clones  extremely important. In Brazil the resistance- rate of E. coli increased over 
show a geographical-depending distribution [7], which makes the local investigation of 
spreading  of   known high-risk clones. The high-risk E. coli clones are very diverse and 
epidemiology  [5], [6].  Such  monitoring  is  important  to  identify  newly  emerging  and 
resistant and  virulent  clones  but  also  to  monitor  their  evolution  and  global 
Whole-genome  sequencing  (WGS)  techniques  have  been  used  not  only  to  identify 

virulence and resistance has important clinical and epidemiological implications.
specific virulence factors is being observed. The characterization of E. coli focusing on 
[4].  Among such  clones  not  only  the  enhanced  resistance  but  also  the  presence  of 
successful spread  of  specific E .  coli clonal l ineages,  also c alled  high-  risk  clones  [3], 
UTIs  difficult  to  threat.  Globally  observed  increase  of  resistance  is  associated  with 
cephalosporins  and  fluoroquinolones,  largely  reduces  therapy  options  making  such 
[2].  The  increased  resistance  levels  of E.  coli to  antibiotics,  including  third  generation 
pitalized  patients  and  can  progress  to  more  complicated  infections  such  as  urosepsis 
mostly self-limited and uncomplicated, they increase the morbidity and mortality of  hos- 
munity- (CA) and  hospital- (HA) acquired UTIs [1]. Whereas UTIs in  outpatients are 
traintestinal pathogenic E. coli (ExPEC) is the main etiological agent causing both com- 
Although, urinary tract infections (UTIs) can be caused by several microorganisms, ex- 

Summarizing  Discussion



An association between antibiotic resistance and an increased global spread of  high-risk 
lineages was reported before [7], [14], [15], and, therefore, we studied a possible associa-
tion between the identified lineages and their antibiotic resistance and virulence profiles. 
Molecular typing of  our isolates revealed that 30% of  our isolates, including most of  the 
multidrug resistant (MDR) and/or ESBL isolates, belonged to the high-risk E. coli clones 
ST131, ST405 and ST648. Most sensitive isolates belonged to the successful lineages 
ST69, ST73 and ST10, that are not considered as high-risk clones. ST73 was described 
to be a highly virulent and emerging ESBL-producing lineage in other countries [20] and 
not surprisingly the most virulent isolates in our study belonged to this ST. Moreover, 
UTIs caused by ST69 and ST73 E. coli were shown by previous studies to be responsi-
ble for community acquired infections in Brazil [16], [17]. Presence of  such bacteria in 
our hospitalised patients may suggest a different dissemination of  these clones among 
the community and hospitals in Brazil. Alternatively, a possible change in the predomi-
nance of  successful clones within time may have occurred. Since there is no surveillance 
program in Brazil to monitor successful E. coli clones and only few data is reported by 
research groups, it is impossible to make final conclusions.

Isolates of  our study belonged to different phylogenetic groups, i.e., to A, B1, B2, D or 
F. Phylogenetic groups B2 and D are considered to be highly virulent in humans and are 
mostly associated with UTIs and blood-stream infections worldwide [18], [19]. Interest-
ingly, isolates collected from UTIs in our study that belonged to the successful lineages 
ST73, ST131, ST648 all were classified as phylogenetic group B2. Most E. coli isolates in 
our belonged to ST131. This lineage was first identified both in Canada and the UK in 
the 2000s [20], [21] Since then it evolved and successfully spread worldwide [15] being 
associated with complicated UTIs and with primary sepsis. Characterization of this par-
ticular lineage was done in chapter 2, chapter 3 and chapter5. The ST131 isolates can be 
classified according to their fimH allele into fimH30 (H30) and other fimH types known 
to be less associated with resistance [22], [23]. H30 isolates resistant to fluoroquinolones 
are named H30-R and those resistant to fluoroquinolones and producing CTX-M-15 
beta-lactamase are called H30-Rx. E. coli can be further classified, based on the presence 
of virulence genes, into virotypes A to D. Most of our ST131 isolates were classified as 
virotype A or C. Virotype C is known to be the most prevalent ST131 virotype in several 
countries, while virotype A is more prevalent in Asia [24], [25]. Different from previous 
studies, in which virotype C was associated with H41 ST131 isolates[26], in our study 
virotype C was associated with H30 ST131 isolates. This discrepancy may be caused by 
many factors such as evolution over time, geographic location, antibiotic selective pres-
sure or sample bias because of  the small sample size of  isolates from Brazil.

Although ST131 has been extensively studied, the mechanisms of  emergence and dis-
semination of  this clone is still not fully understood. A balance between the presence of 
specific virulence and resistance genes may be an important prerequisite. It allows bac-
teria to survive during antimicrobial treatment and at the same time to escape from the 
host’s immune response [27]– [29]. Indeed, virulence genes are essential for E. coli patho-
genesis and are mostly acquired through uptake of  mobile genetic elements (MGEs), 
especially pathogenic islands (PAIs), discussed in chapter 3. PAIs are transmitted hori- 7
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clone.
presence of  the gene in phage-related chromosomal sequences in the high-risk ST648 
reducing  the  chance  to  lose  it  during  replication.  This  may also  be the reason  of  the 
elements  and  may  be  considered  as  a  next  step  in  the evolution  of   high-risk  clones 
suggested that the translocation of blaCTX-M-15into the chromosome is facilitated by IS26 
M-15 gene  is  not  rare  and  had  been  previously observed  [26],  [37],  [38].  It  had  been 
sequences.  The  observed  different  locations of  resistance cassettes carrying the blaCTX- 

isolates,  the  resistance  cassette  was identified  on  phage-related  chromosomal 
cassette  including blaCTX-M-15 than  the  one  present  on  plasmid  pEC958.  In  ST648 
Interestingly  the  ST131 isolates of  virotype A H30-Rx contained the same resistance 
resistance cassette was found on the chromosome and did contain the blaCTX-M-15 gene. 
plasmid,  this resistance  cassette  did  not  contain  the blaCTX-M-15 gene.  The  second 
of  reference ST131 strain EC958 isolated in the UK [36]. In comparison to the reference 
resistance cassettes of  which one was located on a plasmid, similar to plasmid pEC958 
ent  locations.  Specifically,  the  ST131  isolates  of  virotype  C H30-Rx  carried  two 
Among investigated ST131 isolates, different resistant cassettes were identified at differ- 

resistance genes [36].
that  IncF  plasmids  are  associated with  the  spread  of   the blaCTX-M-15 and aac(6’)-Ib-cr 
the importance of the acquisition of   MGEs  for  the  evolution  of   high-risk  clones  and 
plasmids  and  resistance  cassettes. This is in agreement with findings of others showing 
associate the high-risk clones and their  resistant  phenotype  with  the  presence  of   IncF 
lineages not associated with an MDR or ESBL profile. Based on our results we could 
resistance)  and aac(6’)Ib-cr (fluoroquinolone  resistance)  genes  and  were  not  found  in 
chromosome.  These resistance  cassettes   often  contained blaCTX-M-15 (cephalosporin 
They were present on  plasmids,  on  phage-related  chromosomal  sequences  and  on  the 
insertion sequences  (IS26)  and  transposons  (Tn3)  known  as  resistance  cassettes. 
and  ST648  isolates,  we  also  identified  blocks  of  resistance  genes  organized between 
isolates. The IncF plasmids in ST648 isolates were classified as F1:A1:B1. In theST131 
A:-B10  was   more   frequently   detected   in   susceptible H41/ST131  and  ST69 
more   often   found   in H30-ST131  antibiotic   resistance   isolates,  whiletype F29:
Typing  of plasmids based on pMLST showed that types F1:A2:B20 and F2:A1:B-  were 
predominant-ly contained  IncF-type  plasmids  carrying  several  resistance  genes. 
successful lineages. We  found  that  MDR  isolates,  particularly  ESBL-producing  ones, 
phages in ST131  isolates  was  investigated  and  compared  with  their  presence  in  other 
chapter 3  the presence of  MGEs such as plasmids,  genomics islands (GIs), PAIs and 
So  far  there  is  not  much  data  on  MGEs  available  for  Brazilian E.  coli isolates.  In 

blaCTX-Ms resistance genes in ST131 isolates [34], [35].
IncF  plasmids.  IncF-like  plasmids  are  known  to  be  involved  in  the  acquisition  of 
antimicrobial-resistance genes is associated with the acquisition of  plasmids, particularly 
to different antibiotic classes [30], [32], [33]. Among successful lineages the presence of 
[30], [31]. Thus, MGEs are associated with increased virulence and enhanced resistance 
zontally and contain a block of  virulence genes that can even be shared between species
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in which the blaCMY-2 gene was absent.
produced  bacteriocins  was  susceptible  to  antibiotics  and contained only two plasmids 
in  poultry  and  fecal  human  samples[46],  [47].  The ST131 H30-ST131  isolate  that 
antibiotic resistance genes are similar to plasmids identified in bacterial species present 
genes.  These  plasmids  with  a  combination  of bacteriocins,  other  virulence  genes  and 
plasmid containing the colicin Ia, microcin V and several other virulence and resistance 
plasmid  containing  the  colicin  Ib  and  the resistance  gene blaCMY-2 genes,  and  an  IncF 
study,  the H22-ST131  isolates  con-tained three  plasmids:  a  colE1  plasmid,  an  IncI1 
the H22-ST131  isolates  are  more frequently foodborne uropathogens [44], [45]. In our 
located  on  plasmids.  Different from  the  highly  resistant H30-Rx  ST131  sublineage, 
ST131 sublineage and one to H30-ST131. In these isolates the bacteriocins genes were 
isolates  that  were  able  to produce  bacteriocins  of which  two  belonged  to  the H22- 
bacteriocins  encoding genes were found in 26 ST131 isolates, we only identified three 
investigated the  presence  of bacteriocins  in  successful  lineages.  Although 
molecules may  contribute  to  the  success  of high-risk  clones.  In  chapter  5  we 
and are  generally  considered  to  be  part  of an  anti-competitor  strategy.  Clearly,  these 
Bacteriocins  are  protein-based  toxins  that  can  kill  closely  related  species  [42],  [43]

characterization of  MGEs present in high-risk clones [45], [46].
thereby  increasing  their  antibiotic  resistance  showed  the  importance  of 
Indeed,  the  acquisition  of a  plasmid  by  the  recently  emerging  high-risk ST410  clone, 
investigate  the  evolution  of these  lineages  and  to  identify  potential emerging clones. 
could be the reason for the success of the ST131 lineages. Studying MGEs  is  useful  to 
In  addition,  an  increased  resistance  and  virulence  without  an  increase in fitness cost 
specific genes than with the virulence score (based on the number of virulence  genes). 
resistance and virulence for the ST131 lineage is more associated with the presence of 
identified in our ST131 isolates. Therefore, we hypothesized that the interplay between 
associated  with  specific  genes  as iutA, sat, iha, hlyD, malX, ompT and traT [44],  also 
studies  about  the  virulence  of high-risk  clones showed  that  ST131  isolates  are 
with  plasmids  and PAIs than  the  ST69 and  ST648  isolates  in  our  study.  Previous 
different. Curiously, these isolates had a  lower  number  of virulence  genes  associated 
ST73. Although they showed a similar PAI distribution, their plasmids profiles are very 
virulence genes associated with PAIs and plasmids, were also similar among ST131 and 
group A and B1, similar to previous observations [40], [41]. Surprisingly, the number of 
isolates from phylogenetic group B2 and D were absent in isolates from phylogenetic 
found  between  virotype  C H30Rx-  ST131  and  ST73  isolates.  Most PAIs found  in 
even for isolates within the same lineage. Interestingly, the most similar PAI profile was 
system  genes  and  toxins genes.  In  addition,  highly  diverse PAIs profiles  were  found 
our  ST131  and  ST69 isolates,  which  carried  pap  operon  genes,  several  iron  uptake 
isolates  belonging  to the H30-ST131 sublineage. We also identified a new GI (GI-II) in 
other  lineages. The  other  GIs  present  in  EC958,  were  present  in  some  of our 
conserved among  all  ST131  isolates  tested,  but  it  was  absent  in  isolates  from  all 
genomic island GI-thrW, present in the reference strain EC958, appeared to be highly 
were compared to the reference strain EC958 that is known to be highly virulent. The 
and plasmids  and  their  association  with  virulence  genes.  Investigated  ST131  isolates 
clone  [39].  Therefore,  we  investigated  the  role  of MGEs,  such  as PAIs, GIs,  phages 
Similar to antibiotic resistance also virulence contributes to the success of  a high-risk 
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profile.
infection caused by a high-risk E. coli clone with a specific virulence and/or resistance 
a  possible  correlation  between the  presence  of  patients’  risk  factors  and  having  an 
hospital  acquired  (HA)  UTIs and asymptomatic bacteriuria (ABU) and tried to reveal 
virulence  and  resistance determinants  between  community  acquired  (CA)  UTIs, 
biofilm-forming E. coli. In  addition,  we  tried  to  identify  possible  differences  in  type, 
persistent infections we decided to also assess risk factors for having a UTI caused by a 
coli. Additionally, as  biofilms  are  related  with  catheter-associated  UTIs  and  with 
the  patients’  risk factors  of  having  a  UTI  caused  by  an  MDR  or  ESBL-producing E. 
UTIs  inside  the hospitals  and/or  the  probability  of therapy  failure. We  investigated 
factors as we discussed  in  chapter  6.  Several  factors  can  increase  the  risk  to  acquire 
hospitals is  to  combine  the  microbiological  diagnostic  results  with  the  patient’s  risk- 
One  of   the  strategies  that  may  improve  the  management  of   UTIs  inside  the 

also the case in Brazil.
patients by ST131 E. coli is in place in Brazil and we were not able to study if  this was 
[53],  [54].  Unfortunately,  no  surveillance  program  that  monitor the  colonization  of 
was already described in nursing homes and other healthcare facilities in other countries 
may be an explanation of  the prolonged colonization of  the gut by ST131 isolates, which 
monitored  in  the  future.  In  addition,  the  presence  of   bacteriocin-producing isolates 
spread  of H22-CMY-2-producing  ST131  isolates, which,  therefore,  should  be 
increasing  the  virulence  of   the  bacteria.  This advantage  can  lead  to  the  successful 
an  advantage  for  survival  and  competition against  other  isolates  in  the  gut  thereby 
invasion ability into urothelial cells, indicating that the presence of  bacteriocins can be 
a  high  fitness  cost.  In  contrast,  they  seem  to  increase  the  bacteria’s  adhesion  to  and 
presence  of   plasmids  containing bacteriocins and resistance genes did not come with 
chances  of   other  ST131 sublineages  to  emerge.  Our  results  showed  that  the 
isolates,  particularly within  the H30  and H30-Rx  sublineages  and  can  enhance  the 
and/or  virulence genes  may  increase  the  spread  of   those  plasmids  among  ST131 
iron  uptake system. The presence of  bacteriocins in plasmids containing also resistance 
presence of   bacteriocins  and  the  presence  of   virulence  genes  that  are  part  of   the 
bacteriocins  in  UPEC  [51],  [52].  Indeed,  we  found  an  association  between  the 
Previous  studies  showed  an  association  between  the  presence  of  virulence  genes  and 

group D did carry bacteriocins [49], [50].
different from previous reports, in which it was described that isolates of  phylogenetic 
ST69 and ST405 isolates belonging to phylogenetic group D. These results are slightly 
produced by non-ST131 isolates. In our study, we did not identify bacteriocin genes in 
considerably  small,  which  may  explain why  they  were  susceptible  to  bacteriocins 
The  diversity  of   bacteriocins genes  identified  among  our  ST131  isolates  was 
and  minor  environmental changes  that  could  affect  the  sensitivity  to  bacteriocins. 
proposed  [48]  and  was dependent  on  the  lipopolysaccharide  in  the  outer  membrane 
resistance  to bacteriocins  without  having  the  immunity  protein  was  recently 
exposed to  bacteriocin  producing  ST131  isolates.  A  possible  mechanism  for  the 
immunity protein.  However,  they  showed  a  high  resistant  phenotype  once  they  were 
Analyses  of   the  ST131  isolates  revealed  that  they  did  not  contain  any  known 



Unfortunately, we were only able to get the complete data of  63 out of  107 patients of 
which isolates were obtained. Obviously, this limited the statistical power of  further anal-
ysis. Also, information about the severity of  infections was not available for all patients 
but may have had an important impact on patient outcome. Even with these limitations, 
our results may help to get insights into patients’ risk factors and the outcome of UTIs 
and asymptomatic bacteriuria. In our study, most of the collected isolates were from 
female patients (73%). Most patients were older than 60 years having most frequently co-
morbidities as neurologic and neoplastic diseases. Additional risks were previous hospi-
talization, surgical procedures and catheterization. Most patients suffered from a CA- or 
HA-UTIs, while just 11% presented ABUs. Overall, these results were similar to previous 
studies on UTIs [55], [56]. Overall, the distribution of  virulence and resistance genes in 
bacteria isolated from patients with UTIs and ABU were very similar.

As mentioned above, the frequency of  MDR E. coli in this study was high and most 
were ESBL-producing, mostly CTX-M-15-producing. Also, fluoroquinolones resistant 
isolates were found. In this thesis, we assessed risk factors for having a UTI caused by 
MDR/ESBL E. coli. In our study, diabetes, neurologic and neoplastic diseases and an age 
older than 60 years were considered to be a risk of  having a UTI caused by MDR E. coli, 
including high risk-clones. This association may be explained by the reduced immune 
response due to age or received treatments, reduced mobility leading to use of  catheter 
or diapers, or by a high concentration of  sugar in the urine of  diabetic patients [57], [58]. 
Also the use of  antibiotics are known to increase the risk of  UTIs caused by MDR uro-
pathogens [58]. As biofilm formation reduces the success of antibiotic treatments and is 
involved in developing chronic and recurrent infections leading to infected kidneys, 
septicemia and death, we also investigated the risk of a UTI caused by biofilm-forming 
E. coli. We did not find such an association, which may be due to the fact that most of 
our isolates were able to form biofilms. Indeed, previous studies also showed that 
around 80% of  E. coli from urine samples are able to produce biofilm [59], [60].

We also found an association between complicated UTIs and high-risk isolates. These 
results may be explained by the overall increased risk on UTIs for this group of  pa-
tients that were previously hospitalized or stayed in nursing facilities knowing to be host 
risk-factors for infections caused by high-risk clones as ST131[61]. When we studied 
the patients’ outcome, our results showed that the mortality rate is higher in patients 
suffering from UTIs caused by MDR and ESBL-producing E. coli. Also, an association 
between infections caused by high-risk clones and a higher mortality rate was revealed. 
However, this may be the result of  the association between high-risk clones and having 
an MDR/ESBL profile. Another explanation for the higher mortality rate could be the 
combination of  reduced antibiotic options for treatment and the increased susceptibil-
ity of  these patient for infections due to comorbidities and the presence of  other risk 
factors.

In this study we identified the presence of high-risk clones in hospitalized patients in 
Brazil. This, in combination with empirical therapy, may increase antibiotic resistance 
rates. Currently, fosfomycin is the first-choice drug in the treatment of uncomplicated 7
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cost  of the mutations leading to this profile [66]. However, mutations in the transporter
reason for  rarely  observed  heteroresistance  profile in  vivo  is  due  to  the  high  fitness 
results  are  contradictory  to  previous  studies  in  which  it  was  hypothesized  that  the 
expression  of the murA gene  did  not  lead  to  high  fitness cost  in  our  isolates.  These 
showed that the mutations of genes associated with the fosfomycin uptake or an over- 
the fitness of the heteroresistant isolates and their resistant subpopulations. Our results 
biotic resistant strategy with low fitness cost [68], [70]. Therefore, we also investigated 
regulatory genes, the overexpression of the murA gene has been described as an anti- 
Differently from the high fitness cost that come with mutations in the transporters and 

can be caused by the heteroresistance profile itself.
fosfomycin may be a survival mechanism of  the bacteria during environmental stress or 
expression levels  of   genes  that  are  not  directly  related  with  the  uptake  or  activity  of 
over-or under  expressed  in  the  fosfomycin  resistant  subpopulations.  The  changes  in 
gene. In addition, several other genes, including virulence and SOS system genes, were 
general, the fosfomycin resistant subpopulations showed an overexpression of  the murA 
fosfomycin resistant  subpopulations  and  our  fosfomycin  heteroresistant  isolates.  In 
scriptomic  approach  to  reveal  differences  in  the  expression  levels  of   genes  between 
fosfomycin  heteroresistance  in  all  studied  isolates.  Therefore,  we  used  a  tran- 
heteroresistance  profile,  and  we  were  not  able  to  clarify  the  mechanisms leading  to 
the murA gene itself. Our results indicate that there is no common genetic basis  for  the 
the  regulation  and  expression  of   these  transporters.  No  mutations  were identified  in 
unknown,  mutations  in  fosfomycin  transporter  genes  and  in  genes responsible  for 
isolates.  In  some  other  fosfomycin  heteroresistant  isolates, we  identified,  yet 
uhpT genes  affecting  the  function  of   the  transporter in  some  but  not  all  of   our 
fosfomycin  transporters.  Our  WGS  data  indicated deleterious  mutations  in glpT and 
mutations  in  genes  encoding  the  regulatory proteins  that  control  the  expression  of 
This  could  be  due  to  the  loss  in  function of   the  fosfomycin  transporters  or  by 
isolates,  a  reduction  in  fosfomycin uptake was related with the heteroresistant profile. 
evolved independently. Our results showed  that  at  least  in  four  of   our  heteroresistant 
were  from  different  hospitals and  belonged  to  different  clonal  groups  and  thereby 
heteroresistant profile, which may  be  partially  explained  by  the  fact  that  our  isolates 
protein  MurA  [68][69]. We found  different  molecular  mechanisms  that  may  lead  to  a 
expression  of   these transporters  and  in  the  gene  encoding  the  fosfomycin  target 
fosfomycin transporters  (glpT and uhpT),  genes  responsible  for  the  regulation  and 
Heteroresistance  has  been  associated  with  mutations  in  genes  encoding 

not standardized [65], [67].
difficult as both the definition of  heteroresistance and the methods to determine it are 
previously  [66].  Please  note, however, that comparing results from different studies is 
found  a  higher  frequency of   fosfomycin  heteroresistant  isolates  (9%)  than  described 
mechanisms  that  lead to  the  observed  heteroresistant  phenotype  were  studied. We 
associated with therapeutic failure  and  recurrent  UTIs  [65].  In  chapter  4,  the  genetic 
underestimated problem,  as  it  is  often  not  detected  in  routine  diagnostics  and  is 
and  in our  study  below  3%.  However,  heteroresistance  to  fosfomycin  may  be  an 
infections caused by  MDR E.  coli [62],  [63].  Fosfomycin resistance rates  are  low  [64]
UTIs  and  it  has  been  considered  as  a  therapeutic  option  for  complicated  UTIs  and 
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are already used in routine microbiology in some countries and the most essential
molecular  techniques,  such  as  next  generation  sequencing (NGS).  These  technologies 
diagnostics  and  surveillance  of UTIs  may be  achieved  by  introduction  of novel 
to  treat  patients  with  more  severe infections  caused  by  MDR  bacteria.  Improved 
nitrofurantoin,  fosfomycin  and carbapenems  may  [80],  [81]  remain  low  and  effective 
non-MDR  bacteria. In  this  way,  resistance  rates  to  antibiotics  such  as 
should  not  be used  for  treatment  of uncomplicated  UTIs  and/or  UTIs  caused  by 
producing high-risk E.  coli,  can  be  better  treated  with  carbapenems,  whereas  these 
apy  [79].  For  example,  recurrent  and/or  chronic  UTIs,  caused  by  an  ESBL- 
the patients history is key for reducing unnecessary and wrongly chosen antibiotic ther- 
isolated bacteria in combination with an improved patient management system recording 
In addition, optimized molecular diagnostics and antibiotic susceptibility testing of  the 

health authorities and/or the (local) governments.
public and  private  hospitals [78].  These  actions  should  be  applied  by  both  public 
(iv)  and  to  determine and  implement  national  guidelines  for  antibiotic  use  inside 
the Brazilian population to  reduce  the  unnecessary  abuse  of   antibiotic  consumption, 
antibiotics,  (ii) reduction  of antibiotic  use  without  prescription,  (iii)  education  of 
this  may  be achieved through (i) the reinforcement of  laws that would limit the sale of 
deaccelerate the  increase  of   antibiotic  resistance  and  to  improve  treatment.  In  Brazil 
UTIs.  This  includes  the  use  of strategies  as  antibiotic  stewardship  to  both 
treatment of  UTIs more challenging. Therefore, it is key to improve the management of 
This increase may be associated with the emergence of  high-risk clones and makes the 
of   infections  caused  by  antibiotic  resistant E.  coli in  the  past  few  years  [9],  [76],  [77]. 
at the national level in Brazil. The few research reports available point out an increase 
There is a lack of  information on antibiotic resistance prevalence of E. coli in hospitals 

Future  Perspectives

introducing even more limited treatment options.
In  addition,  treating  MDR E. coli with  fosfomycin needs to  be reconsidered  to  avoid 
as Brazil which already suffer from the consequences of high antibiotic resistant levels. 
the need of a better management system for antibiotic use, especially in countries such 
resistant  without  affecting  bacterial  fitness  is  a  huge  medical concern.  It  also  stresses 
mutations leading to fosfomycin  heteroresistance  in clones  that  are  already  highly 
these results on patient outcomes still needs to be evaluated, the presence of 
UTIs  [73]–[75].  Although  this study has been performed in vitro  and the impact of 
mentioned,  are  linked  with  catheter associated UTIs,  persistence and recurrence  of 
against  biofilms.  This  is  particularly  relevant  for  UTIs,  as  biofilms,  as  already 
results  indicate  that  a  heteroresistant  profile  can  affect  the  efficiency  of  fosfomycin 
resulted only for half of these isolates in a significant biofilm viability reduction. These 
that  the  fosfomycin  can  reduce  the  biofilm  biomass  of heteroresistant  isolates  but 
heteroresistance profile affected the fosfomycin efficiency against biofilms. We showed 
described before  for S.  aureus and P.  aeruginosa [71], [72]. We also studied if the 
genes, leading  to  fosfomycin  resistance  without  increasing  the  fitness  cost,  has  been 
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bacteria and, more importantly, better protect patients against difficult to treat UTIs.
E. coli clones in Brazil, which on its turn may help to prevent the further spread of  these 
knowledge on the epidemiology, and resistance and virulence characteristics of  high-risk 
systems,  and  of   antibiotic-and  diagnostic-stewardship  programs.  This  will  increase  the 
need to be considered: further implementation and improvement of  patient management 
In summary, to improve the management of  UTIs inside hospitals in Brazil, three steps 

facilities and/or perform the data analyses.
with  universities  and  other  research  institutes  that  are  able  to  provide  the  laboratory 
tion from all hospitals across the country and by collaboration of  health care institutes 
high-risk E. coli clones in the whole country. This may be achieved by collecting informa- 
overview and give hint on epidemiology, prevalence and evolution of  (newly emerging)
veillance program that include all the regions of  Brazil would be essential to provide an 
data from the same (south east or south) regions of  the country [84], [85]. A future sur- 
over,  the  data  collected  so  far  are  limited  and  may  be  biased  as  most  studies  obtained 
on prevalence of  high-risk clones circulating in the hospitals in Brazil available. More- 
only a small number of isolates were collected. Therefore, there is no well-defined data 
on identification of carbapenemase-producing E. coli ST131 isolates [26]. Unfortunately, 
Brazil used to be part of a global surveillance program between 2008-2013 that focused 

technologies in a standardized way.
political and economic crises, which make it even more challenging to implement these 
technology already in their routine microbiology laboratory. However, Brazil also faces 
partially  solved  by  setting  up  a  collaboration  with  partners  who  implemented  this 
and standardization of   typing  schemes  and  cut-off   values  [82],  [83].  This  may be 
costs,  validation  and  quality  control  issues,  turnaround  time,  bioinformatics analyses 
implementation  of   NGS  in  routine  diagnostics  faces  several  challenges,  as operational 
the  sequencing  information  is  being  used  to  support  antibiotic  stewardship. The 
monitor spread of  pathogens on local, national and international levels. Furthermore, 
epidemiology,  evolution  and  identification  of (new)  high-risk clones.  It  helps  to 
fact,  nowadays  NGS  starts  to  become  essential  for  getting detailed  insight  into  the 
information  of   the  pathogen  can  be  retrieved  from  the generated  sequencing  data.  In 
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English summary  

Extra intestinal pathogenic Escherichia coli (ExPEC) is the most common cause of  urinary 
tract infections (UTIs), one of  the most common infections in healthcare settings. Due 
to the successful global spread of  multi-drug resistant (MDR) E. coli treatment of  UTIs 
can be challenging. Therefore, it is key to understand the mechanisms of  the success-
ful spread of  these high-risk clones, not only to improve the diagnostic and antibiotic 
stewardship, but also to get a better insight into the risks of  infections caused by these 
bacteria in order to optimize the management of  UTIs. High-risk E. coli clones have been 
extensively investigated around the world and show a high diversity largely due to the 
presence of  mobile genetic elements (MGEs) containing a high number and variety of 
virulence and resistance genes. However, in low-resource settings, as in Brazil, it is chal-
lenging to characterize already established and newly emerging clones in that much detail, 
which is the reason that there is only a limited amount of  information and data available.

Therefore, the main aim of  this thesis was to comprehensive characterize E. coli 
isolated from urine samples of  hospitalized patients in Rio de Janeiro, Brazil. In 
Chapter 2, we performed a molecular characterization of E. coli isolates obtained from 
urine samples of hospitalized patients and found that about 30% of the isolates 
could be classified as B2/O25:H4-ST131, B2/ST648- O1:H6 and D/ST405-O102:H6 
high-risk clones. In addition, they were associated with MDR- and high-virulent 
profiles. Other successful lineages investigated in this study belonged to ST10, ST69 
and ST73 and were found to be less virulent and less resistant. Interestingly and in 
contrast with previous findings, our ST69 isolates did not belong to clonal group 
(Cg)A and did not contain the resistance cassette (dfrA17-aadA5). The majority of  our 
ST131 isolates were found to be Extended Spectrum Beta-Lactamase (ESBL)-producers 
and could be classified as H30-R and H30-Rx subclones, which have previously been 
associated with more complicated UTIs. The majority of  our ESBL-producing isolates 
contained the blaCTX-M-15 gene, different from previous studies that report the blaCTX-M-2 
gene as the most prevalent one. This difference may be explained by the successful 
spread of the CTX-M-15-producing and fluoroquinolones resistant clones in Rio de 
Janeiro.

In Chapter 3, we characterized the MGEs associated with MDR and virulence present in 
our ST131 isolates and compared them with MGEs present in other successful 
lineages. Not surprisingly, isolates belonging to ST131, ST405 and ST648, known to be 
associated with an MDR phenotype, contained the highest number of  plasmids 
carrying resistance genes that were mostly of  the IncF type. Interestingly, especially in 
H30-Rx/ST131 and ST648 isolates resistance cassettes containing several resistance 
genes, including blaCTX-M-15, were identified in plasmids, phage-related sequences   
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between their presence and the bacteria having MDR profile.
presence  of   bacteriocins in  our  isolates  and  tried  to  reveal  a  possible  association 
to  outcompete other  microorganisms  present.  In  Chapter  5,  we  determined  the 
important role in the colonization of  the gut by helping bacteriocin-producing bacteria 
human  gut  and  to  develop  infections  at  other  body  sites.  Bacteriocins  play  an 
The MDR- and virulent-properties of E. coli ST131 allow these bacteria to persist in the 

authorities and requires improved diagnostic methods.
Clearly,  fosfomycin  (hetero)resistance  should  receive  more  attention  of health 
concern as infections caused by MDR E. coli isolates are often treated with fosfomycin. 
MDR-isolates  fosfomycin  heteroresistance  was  observed.  This  is of  special  clinical 
heteroresistance  rates  remaining  low  over  the  years.  Also,  in some  of   our  high-risk 
cost,  which  has  been  described  as  the  main  reason  for fosfomycin  resistance  and 
these  molecular  mechanisms  did  come  with  a  significant  increase  in  bacterial  fitness 
regulatory  genes  (ptsI, uhpA, uhpB, uhpC and cyaA) were  identified.  Surprisely,  none  of 
mutations  in  both  the  fosfomycin  transporter genes  (glpT and uhpT)  and  transporter 
known  to  encode  the  target  for  fosfomycin, was  overexpressed.  Additionally, 
in  our  isolates.  In  50%  of   the fosfomycin  heteroresistant  isolates  the murA gene, 
Most likely several different molecular mechanisms lead to a heteroresistant phenotype 
the  frequency  of  fosfomycin heteroresistance  was  higher  than  previously  described. 
molecular mechanism(s) leading  to  fosfomycin  heteroresistance. In  our  MDR-isolates, 
by  routine  diagnostic approaches.  Therefore,  in  Chapter  4  we  tried  to  reveal  the 
underestimated problem.  Furthermore,  fosfomycin  heteroresistance  is  rarely  detected 
that  resistance to  that  fosfomycin  remains  low,  heteroresistance  to  fosfomycin  is  an 
alternative therapy  for  complicated  UTIs  caused  by  MDR E.  coli.  Despite  the  fact 
E.  coli.  With  the  increase  in  antibiotic  resistance,  it  is  also  being  investigated  as  an 
Fosfomycin is used as a first choice in the treatment of uncomplicated UTIs caused by 

useful to early identify potential emerging clones.
the  detection  and/or  surveillance  of   particular  MGEs  and  specific  lineages  will  be 
seems to be important for the evolution of  the H30-Rx ST131 sublineage. Nevertheless, 
of   certain  MGEs.  On  the  other  hand,  the  presence  of plasmids,  GIs  and  phages 
resistance  and  virulence  in  high-risk  clones  cannot  be explained  just  by  the  presence 
plasmids, PAIs  and  virulence  genes  was  found. Therefore,  the  interplay  between 
profiles of the isolates was revealed, no association between the presence of (specific)
Whereas  an  association  between  the  presence of  IncF  plasmids  in  and  the  resistance 
addition, we identified a new genomic island (GI) in H30-Rx/ST131 and ST69 isolates. 
isolates,  the  latter  has  previously  been  considered  to  be  a  high-virulent  clone.  In 
diversity of  these PAIs, we found similar  virulence  profiles  between  ST131  and  ST73 
(PAIs)  associated  with  specific  virulence  genes  in  all  tested  isolates.  Despite  the  high 
and  in  the  bacterial  chromosome.  Furthermore,  we  identified  pathogenicity  islands 
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forming, MDR/ESBL-producing bacteria that belong to ST131, ST405 or ST648.
UTIs  in  the  hospitals  in  Rio de  Janeiro  were  complicated  UTIs,  caused  by  a  biofilm- 
associated  with  MDR.  In conclusion,  in  this  chapter  we  showed  that  around  30%  of 
higher among patients suffering from UTIs caused by high-risk clones as these are often 
an  infection  caused  by non-MDR  isolates.  Consequently,  the  mortality  rate  was  also 
suffering  from  UTIs caused by MDR- isolates was higher than that of  patients having 
comorbidities as  neurologic  diseases.  In  addition,  the  mortality  rate  of   patients 
UTIs caused  by  high-risk  clones  and  elderly  patients,  and  patients  suffering  with 
to  ST131,  ST405  and  ST648  (high-risk  clones). We  identified  a  correlation  between 
around 30% of  UTIs were caused by ESBL-producing and MDR isolates that belonged 
lence and resistance genes in isolates causing CA- or HA-UTIs, or ABUs. Interestingly, 
as complicated. We did not find a significant difference between the presence of viru- 
all  UTIs  were  more  frequently  detected  than  ABUs.  Most  of the  UTIs  were  classified 
the  frequency  of   CA-UTIs  was  found  to  be  higher  than  that  of   HA-UTIs,  and  over- 
most likely due to the high frequency of biofilm-forming E. coli in our study. In addition, 
We did not identify risk factors associated with UTIs caused by biofilm-forming isolates, 

and/or ESBL–producing E. coli.
and age older than 60 years were increasing the risk of  having a UTI caused by MDR- 
results showed that suffering from neoplastic diseases, diabetes or neurologic diseases, 
bacteriuria (ABU) and determined the presence of  virulence and resistance genes. Our 
isolates  causing  community  (CA)  and  hospital  (HA)  acquired  UTIs  and  asymptomatic 
ESBL- producing, biofilm-forming and/or high-risk E. coli. Also, we characterized the 
we investigated the presence of  risk-factors in patients having a UTI caused by MDR-, 
the characteristics of  the bacterium and the host susceptibility. Therefore, in Chapter 6 
The risk to develop a UTI as well as the outcome of  the infection is depending on both 

outcompeting other commensal E. coli and thereby increasing the risk for causing UTIs.
an  additional  advantage  improving  the  ability  to  colonize  the  human  gut  by 
bacteriocins  genes  in  our  already  highly  resistant  and  virulent  isolates  may give  them 
foodborne  uropathogens.  The  presence  of   plasmids  carrying  both  resistance and 
carrying  the  combination  of   resistance  and  bacteriocin  genes is  often  found  in 

bacteriocin gene colicin Ib also harbored the blaCMY-2 gene. The  presence  of   a  plasmid 
among the resistant subclones H30-R or H30Rx. Interestingly, the plasmids carrying the 
four  bacteriocin  genes,  and  resistance  and  virulence genes  that  were  not  identified 
ST131 isolates. The susceptible H30 and H22-ST131 isolates,  had  similar  plasmids  with 
showed  they  were  able  to  inhibit  the  growth  of other E.  coli isolates  including  other 
We  identified  the  presence  of  bacteriocins  in both  ST131  and  non-ST131  isolates  and 



In summary, whereas until 2008 an inverse relationship between antimicrobial 
resistance and virulence was suggested, our studies described in this thesis found a 
correlation between specific lineages, so called high-risk clones, and their high-
virulence and antimicrobial resistance profiles. Identification of new and existing high-
risk clones is important for optimizing patient treatment and infection control 
measures. Molecular approaches should be used not only to improve diagnosing these 
high-risk clones, but also to implement a long-term surveillance program to prevent 
the spread of  these lineages and to monitor the emergence of  new high-risk E. coli 
lineages. For this, also the role of  MGEs in virulence and resistance needs to be 
considered, as they are known to be essential for the evolution and pathogenesis of 
newly emerging high-risk clones. Thus, routine characterization of  MGEs may be key 
in identifying potential high-risk clones. In addition, antibiotic stewardship programs 
should be introduced or optimized with respect to the use of fosfomycin, currently seen 
as the first line drug in treating UTIs and, so far, an excellent alternative for treating 
infections caused by MDR bacteria. The increased heteroresistance rates observed in 
this study may be either an intermediate step of  the bacteria before obtaining 
complete resistance or a way to survive without the acquisition of  permanent resistant 
mechanisms. Both have a direct impact on the effectiveness of the antibiotic. In 
addition, the increased interest to use bacteriocins for treating bacterial infections, 
require more comprehensive studies to enhance the poor-existing knowledge on 
microbial interactions. Finally, we found that the majority of  UTIs in the investigated 
hospitals were community-associated and caused by bacteria with high resistance 
rates. This outcome indicates that the management of  antibiotic use in Rio de Janeiro 
needs to be improved, and that improvement of  diagnostic procedures, along with 
more cautious antibiotic prescription (and use) is required to control the spread of 
infections caused by MDR bacteria in Brazilian hospitals
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en virulentie die aanwezig is in onze ST131 isolaten en deze vergeleken met MGE's aan-
In hoofdstuk 3 hebben we de MGE's gekarakteriseerd die geassocieerd zijn met MDR 

klonen in Rio de Janeiro.
succesvolleverspreiding  van  de  CTX-M-15-producerende  en  fluroquinolonresistente 
meestvoorkomende  gen  rapporteren.  Dit  verschil  kan  verklaard  worden  door  de 
bevatten  het blaCTX-M-15 gen, anders  dan  eerdere  studies  die  het  blaCTX-M-2  gen  als  het 
met meer gecompliceerde UTI’s. De meerderheid van onze ESBL-producerende isolaten 
worden geclassificeerd als H30-R en H30-Rx s ubklonen, die e erder zijn geassocieerd 
en  bleken  Extended  Spectrum  Beta-Lactamase  (ESBL)-producenten  te  zijn  en  konden 
ten ze geen resistentiecassette (dfrA17-aadA5). De meerderheid van onze ST131 isolat- 
bevindingen,  behoorden  onze  ST69  isolaten  niet  tot  de  klonale  groep  (Cg)A  en  bevat- 
virulent  en  minder  resistent  te  zijn.  Interessant  genoeg  en  in  tegenstelling  tot  eerdere 
onderzocht behoorden tot de succesvolle klonen ST10, ST69 en ST73 en bleken minder 
met  MDR-  en  hoog-virulente  profielen.  Andere  isolaten  die  in  deze  studie  werden 
O1:H6 en D/ST405-O102:H6 hoog-risico klonen. Daarnaast werden ze geasso- cieerd 
30% van de isolaten geclassificeerd konden worden als B2/O25:H4-ST131, B2/ ST648- 
verkregen  uit  urinestalen  van  gehospitaliseerde  patiënten,  en  vonden  we  dat  ongeveer 
hoofdstuk  2  hebben  we  een  moleculaire  karakterisering  uitgevoerd  van E.  coli isolaten, 
van gehospitaliseerde patiënten in Rio de Janeiro, Brazilië, uitvoerig te karakteriseren.  In 
Daarom was het hoofddoel van dit proefschrift om E. coli, geïsoleerd uit urinemonsters 

erkte hoeveelheid informatie en gegevens beschikbaar is.
klonen in dergelijk groot detail te karakteriseren, wat de reden is dat er slechts een bep- 
middelen, zoals in Brazilië, is het uitdagend om reeds gevestigde en nieuw opduikende 
enheid aan virulentie- en resistentiegenen bevatten. Echter, in een omgeving met weinig 
van mobiele genetische elementen (MGE's) die een groot aantal en een grote verscheid- 
uitgebreid  onderzocht  en  vertonen  een  grote  diversiteit,  vooral  door  de  aanwezigheid 
het  beheer  van  UTI's  te  optimaliseren.  Hoog-risico  klonen  van E.  coli zijn  wereldwijd 
beter inzicht te krijgen in de risico's van infecties veroorzaakt door deze bacteriën om zo 
niet alleen om het diagnostische en antibiotische beheer te verbeteren, maar ook om een 
mechanismen van de succesvolle verspreiding van deze hoog-risico klonen te begrijpen, 
E.  coli kan  behandeling  van  UTI's  een  uitdaging  zijn.  Daarom  is  het  belangrijk  om  de 
idszorg. Door de succesvolle wereldwijde verspreiding van multi-drug resistente (MDR)
van urineweginfecties (UTI's), één van de meest voorkomende infecties in de gezondhe- 
Extra  intestinale  pathogene Escherichia  coli (ExPEC)  is  de  meest  voorkomende  oorzaak 
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overgeëxpresseerd.
murA gen,  waarvan  bekend  is  dat  het het  doelwit  voor  fosfomycine  codeert, 
in  onze  isolaten.  In  50%  van de  heteroresistente  fosfomycine-isolaten  was  het 
leiden  verschillende  moleculaire mechanismen  tot  een  heteroresistent  fenotype 
heteroresistentie van  fosfomycine  hoger  dan  eerder  beschreven. Waarschijnlijk 
aan het  licht  te  brengen.  In  onze  MDR-isolaten  was  de  frequentie  van  de 
de  moleculaire  mechanismen  die  leiden  tot  de  heteroresistentie  van  fosfomycine 
Daarom hebben we  in  hoofdstuk  4  getracht  het  moleculaire  mechanisme of 
fosfomycine  zelden  gedetecteerd  door  routinematige  diagnostische benaderingen. 
fosfomycine een  onderschat  probleem.  Bovendien  wordt  de  het-eroresistentie van 
resistentie  tegen  die  fosfomycine  laag  blijft,  is heteroresistentie  tegen 
gecompliceerde  UTI's  veroorzaakt  door MDR E.  coli.  Ondanks  het  feit  dat  de 
antibioticaresistentie  wordt  het ook  onderzocht  als  alternatieve  therapie  voor 
ongecompliceerde UTI's  veroorzaakt  door E.  coli.  Met  de  toename  van  de 
Fosfomycine  wordt  gebruikt  als  eerste  keuze  bij  de  behandeling  van 

identificeren.
klonen  nuttig  zijn  om  potentiële  opkomende  klonen  vroegtijdig  te 
salniettemin  zal  de  detectie  en/of  bewaking  van  bepaalde  MGE's  en  specifieke 
fagen  belangrijk  te  zijn  voor  de  evolutie  van  de H30-Rx  ST131  subklonen.  De- 
bepaalde  MGE's  alleen.  Anderzijds  lijkt  de  aanwezigheid  van plasmiden, GI's  en 
hoog-risico  klonen  niet  louter  verklaard  worden  door  de  aanwezigheid van 
virulentiegenen.  Daarom  kan  de  wisselwerking  tussen resistentie  en  virulentie  in 
gevonden  tussen  de  aanwezigheid  van (specifieke)  plasmiden, PAI's  en 
resistentiepro-fielen  van  de  isolaten  werd  aangetoond,  werd  er  geen  verband 
Terwijl  een  associatie  tussen  de  aanwezigheid  van  IncF-plasmiden  en  de 
nieuw  genomisch  eiland  (GI)  geïdentificeerd  in H30-Rx/ST131  en  ST69  isolaten. 
werd  voorheen beschouwd  als  een  hoog-virulente  kloon.  Daarboven  hebben we  een 
gelijkaardige  virulentieprofielen  tussen  ST131  en  ST73  isolaten, deze  laatste 
geteste  isolaten.  Ondanks  de  grote  diversiteit  van  deze PAI's  vonden  we 
(PAI's) geïdentificeerd  die  geassocieerd  zijn  met  specifieke  virulentiegenen  in  alle 
het  bacteriële  chromosoom. Verder  hebben  we  pathogeniteitseilanden 
M-15,  werden  geïdentificeerd  in  plasmiden,  faaggerelateerde  sequenties  en  in 

isolaten  resis-tentiecassettes met  verschillende  resistentiegenen,  waaronder blaCTX- 

van  het IncF  type  waren.  Interessant  is  dat  vooral  in H30-Rx/ST131  en  ST648 
fenotype, het  grootste  aantal  plasmiden  met  resistentiegenen  bevatten  en  die  meestal 
tot ST131, ST405 en ST648, waarvan bekend is dat ze geassocieerd zijn met een MDR- 
wezig in andere succesvolle klonen. Het is niet verrassend dat de isolaten die behoren 



Daarnaast werden mutaties in zowel de fosfomycine-transportgenen (glpT en uhpT) als 
de regulatoire transportgenen (ptsI, uhpA, uhpB, uhpB, uhpC en cyaA) geïdentificeerd. 
Verrassend genoeg kwam geen van deze moleculaire mechanismen met een 
significante verhoging van bacterile fitness kosten, die als belangrijkste reden voor de 
in de loop van de jaren laag gebleven prevalentie van fosfomycineresistentie en 
heteroresistance is beschreven. Ook werd in sommige van onze hoog- risico MDR-
isolaten fosfomycine heteroresistentie waargenomen. Dit is van bijzonder klinisch 
belang omdat infecties veroorzaakt door MDR E. coli isolaten vaak behandeld worden 
met fosfomycine. Het is duidelijk dat fosfomycine (hetero)resistentie meer aandacht 
moet krijgen van de gezondheidsautoriteiten en betere diagnostische methoden vereist.

De MDR- en virulente eigenschappen van E. coli ST131 laten deze bacteriën toe om in de 
menselijke darm te overleven en om infecties te ontwikkelen op andere lichaamslocaties. 
Bacteriocines spelen een belangrijke rol in de kolonisatie van de darm door bacteriocine-
producerende bacteriën te helpen om andere aanwezige micro-organismen in hun groei 
te remmen. In hoofdstuk 5 hebben we de aanwezigheid van bacteriocine-genen in onze 
isolaten bepaald en hebben we getracht een mogelijke associatie aan te tonen tussen hun 
aanwezigheid en de bacteriën met een MDR-profiel. We identificeerden de aanwezigheid 
van bacteriocine-genen in zowel ST131- als niet-ST131-isolaten en toonden aan dat ze in 
staat waren om de groei van andere E. coli-isolaten, waaronder andere ST131-isolaten, te 
remmen. De gevoelige H30 en H22-ST131 isolaten, hadden soortgelijke plasmiden met 
vier bacteriocinegenen, en resistentieen virulentiegenen die niet gevonden werden onder 
de resistente subklonen H30-R of H30Rx. Interessant is dat de plasmiden die het bacte-
riocinegen colicine Ib bevatten ook het blaCMY-2 gen bevatten. De aanwezigheid van een 
plasmide met de combinatie van resistentie en bacteriocinegenen wordt vaak gevonden 
in door voedsel overgedragen uropathogenen. De aanwezigheid van plasmiden die zowel 
resistentie- als bacteriocinegenen dragen in onze reeds zeer resistente en virulente isolat-
en kan hen een bijkomend voordeel bieden bij het verbeteren van het vermogen om de 
menselijke darm te koloniseren door de groei van andere commensale E. coli’s te remmen 
en zo het risico op het veroorzaken van UTI's te verhogen.

Het risico om een UTI te ontwikkelen en het resultaat van de infectie is afhankelijk van 
zowel de kenmerken van de bacterie als de gastheergevoeligheid. Daarom hebben we in 
hoofdstuk 6 de aanwezigheid van risicofactoren onderzocht bij patiënten met een UTI 
veroorzaakt door MDR-, ESBL-producerende, biofilmvormende en/of risicovolle E. 
coli. Ook kenmerkten we de isolaten die community (CA) en ziekenhuis (HA) gerela-
teerde UTI's of  asymptomatische bacteriurie (ABU) veroorzaakten en bepaalden we de 
aanwezigheid van virulentie en resistentiegenen. 
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nieuw  opkomende  hoog-risico  klonen.
worden,  aangezien  ze  bekend  staan  als  essentieel voor de evolutie en pathogenese van 
moet  ook  de  rol  van  MGE's  in  virulentie en  resistentie  in  overweging  genomen 
en  om  het  ontstaan  van  nieuwe  hoog-risico E.  coli stammen  te  monitoren.  Hiervoor 
programma  te  implementeren  om  de  ver-spreiding van  deze  stammen  te  voorkomen 
deze  hoog-risico  klonen  te  verbeteren, maar  ook  om  een  lange  termijn  surveillance 
Moleculaire  benaderingen  moeten niet  alleen  gebruikt  worden  om  de  diagnose  van 
de  behandeling  van  patiënten en  de  maatregelen  ter  bestrijding  van  infecties. 
van nieuwe en bestaande hoog-risico klonen is belangrijk voor het optimaliseren van 
risico klonen, en hun hoog-virulente en antimicrobiële resistentieprofielen. Identificatie 
beschreven  studies een correlatie tussen specifieke afstamming, de zogenaamde hoog- 
resistentie en  virulentie  werd  gesuggereerd,  vonden  onze  in  dit  proefschrift 
Samengevat,  terwijl  tot  2008  een  omgekeerd  verband  tussen  antimicrobiële 

ST405 of  ST648.
door een biofilmvormende, MDR/ESBL-producerende bacterie die behoort tot ST131, 
UTI's  in  de  ziekenhuizen  in  Rio  de  Janeiro  gecompliceerde  UTI's waren, veroorzaakt 
MDR. Tot  slot  hebben  we  in  dit  hoofdstuk  aangetoond  dat ongeveer  30%  van  de 
veroorzaakt  door  hoog-risico  klonen,  aangezien  deze  vaak geassocieerd  worden  met 
isolaten.  Bijgevolg  was  het  sterftecijfer  ook hoger  bij  patiënten  met  UTI's 
isolaten  hoger  dan  dat  van  patiënten met  een  infectie  veroorzaakt  door niet-MDR- 
Bovendien  was  het  sterftecijfer van  patiënten  met  UTI's  veroorzaakt  door  MDR- 
patiënten  die lijden  aan  comorbiditeit  als  neurologische  aandoeningen. 
sen UTI's  veroorzaakt  door  hoog-risico  klonen  en  oudere  patiënten,  en 
ST131,  ST405  en  ST648  (hoog-risico  klonen). We identificeerden  een  correlatie  tus- 
UTI's  veroorzaakt  door  ESBL-  producerende  en  MDR-isolaten  die  behoorden tot 
of   HA-UTI's  of   ABU's  veroorzaken.  Interessant  genoeg  werd  ongeveer  30% van  de 
tussen  de  aanwezigheid  van  virulentie-  en  resistentiegenen  in  isolaten die  CA- 
werden  geclassificeerd  als  gecompliceerd. We  vonden  geen  significant  verschil 
van  HA-UTI's,  en  werden  UTI's  vaker gedetecteerd dan ABU’s. De meeste UTI's 
in onze studie. Bovendien bleek de frequentievan  CA-UTI's  hoger  te  zijn  dan  die 
isolaten,  waarschijnlijk  als  gevolg  van  de  hoge  frequentie  van  biofilmvormende E.  coli 
geïdentificeerd  die  geassocieerd  zijn  met  UTI's  veroorzaakt  door  biofilmvormende 
door MDR- en/of ESBL- producerende E. coli toenam. We hebben geen risicofactoren 
neurologische aandoeningen, en ouder dan 60 jaar, het risico op een UTI veroorzaakt 
Onze  resultaten  toonden  aan  dat  bij  het  lijden  aan  neoplastische  ziekten,  diabetes  of 
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Zo kan rou-tinematige karakterisering van MGE's een sleutelrol spelen bij het 
identificeren van potentiële hoog-risico klonen. Bovendien moeten antibiotica 
beheersprogramma's worden geïntroduceerd of geoptimaliseerd worden met 
betrekking tot het gebruik van fosfomycine, momenteel gezien als het eerste keus 
medicijn bij de behandeling van UTI's en, tot nu toe, een uitstekend alternatief voor 
de behandeling van infecties veroorzaakt door MDR-bacteriën. De verhoogde 
heteroresistentie die in deze studie wordt waargenomen, kan ofwel een tussenstap zijn 
van de bacteriën voor het verkrijgen van volledige resistentie of een manier om te 
overleven zonder de verwerving van permanente resistente mechanismen. Beiden 
hebben een directe impact op de effectiviteit van het antibioticum. Bovendien vereist 
de toegenomen belangstelling voor het gebruik van bacteriocines voor de behandeling 
van bacteriële infecties, uitgebreidere studies om de slecht bestaandekennis over 
microbiële interacties te verbeteren. Tot slot vonden we dat de meerderheid van de 
UTI's in de onderzochte ziekenhuizen gemeenschapsgerelateerd waren en vero- 
orzaakt werden door bacteriën met een hoge resistentiegraad. Dit resultaat wijst erop 
dat het beheer van antibioticagebruik in Rio de Janeiro moet worden verbeterd, en dat 
ver- betering van de diagnostische procedures, samen met een voorzichtiger 
antibiotica beleid (en gebruik) nodig is om de verspreiding van infecties veroorzaakt 
door MDR-bacteriën in de Braziliaanse ziekenhuizen onder controle te houden.
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M-15 e que também são resistentes à fluroquinolonas no Rio de Janeiro.
diferença talvez seja explicada pela disseminação de clones que produzem ESBL-CTX- 

mostram  uma  predominância  de  outros bla genes,  particularmente blaCTX-M-2.  Essa 

positivas  possuem  o  gene blaCTX-M-15,  diferente  de  estudos  publicados previamente que 
como  associados  com  ITUs  complicadas.  A  maioria  das nossas  cepas  ESBL 
classificadas  como  sendo  subclone H30  e H30-  Rx, clones  previamente  descritos 
ST131  são  produtoras  de  beta-lactamases  de expecto  extendido  (ESBL)  e  foram 
cassete  de  resistência  (dfrA17-aadA5). A maioria  das  nossas  cepas  que  pertencem  ao 
cepas  do  ST69  do  nosso  estudo,  não pertencem  ao  grupo  clonal  A  e  não  contém  o 
considerados  menos  resistentes à  antibióticos.  In  contraste  com  estudos  anteriores, 
sucedidos  investigados nesse  estudo  pertencem  aos  ST10,  ST69  e  ST73  e  foram 
altamente  virulento e  de  multirresistência  à  antibióticos  (MDR).  Outros  clones  bem 
O1:H6 e D/ST405-O102:H6. Além disso, essas cepas foram associadas com um perfil 
dessas  cepas classificadas  nos  clones  de  alto  risco,  B2/O25:H4-ST131,  B2/ST648- 
obtidas  de amostras  de  urina  desses  pacientes  hospitalizados  e  mostramos  que  30% 
Brasil. No  Capitulo  2,  nós  realizamos  a  caracterização  molecular  de  cepas  de E.  coli 
isoladas de  amostras  de  urina  obtidas  de  pacientes  hospitalizados  no  Rio  de  Janeiro, 
Consequentemente,  o  principal  objetivo  dessa  tese  foi  caracterizar  cepas  de E.  coli 

pelas quais a quantidade de dados disponíveis sobre esses clones é tão limitada.
já estabelecidos e novos clones emergentes com tanto detalhe, o que é uma das razões 
em locais com poucos recursos, como no Brasil, ainda é um desafio caracterizar clones 
número e variedade de genes de virulência e de resistência à antibióticos. No entanto, 
majoritariamente devido a elementos genéticos móveis  (EGMs),  que  contém  um  alto 
extensivamente  estudados  ao  redor  do mundo  e  apresenta  uma  alta  diversidade, 
e  assim  otimizar  o  gerenciamen-to de  ITUs. E.  coli clones  de  alto  risco  tem  sido 
melhor entendimento sobre os fatores de risco para infecções causadas por esses clones 
melhorar  o  diagnóstico  e  a administração  de  antibióticos,  mas  também  para  ter  um 
mecanismos  que  levam  a disseminação desses clones é um elemento chave não só para 
antibióticos  o  tratamento de  ITUs  pode  ser  desafiador.  Portanto,  entender  os 
saúde.  Devido a  bem  sucedida  disseminação  de  cepas  de E.  coli multirresistentes  à 
infecções do  trato  urinário  (ITUs),  uma  das  infecções  mais  comuns  em  unidades  de 
Extra-intestinal  patogênica Escherichia  coli (ExPEC)  é  a  causa  mais  comum  de 
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foi mais  alta  do  que  descrito  por estudos  prévios.
fenótipo.  Em  nossas  cepas MDR,  a  frequência  de  heteroresistência  à  fosfomicina 
Capitulo  4  nós  tentamos revelar  os  mecanismos  moleculares  que  podem  levar  a  esse 
raramente  detectada em  testes  de  rotina  para  diagnóstico.  Consequentemente,  no 
ser  um  problema subestimado.  Adicionalmente,  heteroresistência  à  fosfomicina  é 
resistência  à fosfomicina  permanecer  baixa,  heteroresistência  a  esse  antibiótico,  pode 
tratamento de  ITUs  complicadas  causadas  por  cepas  de E.  coli MDR.  Apesar  da 
à  antibióticos, esse antibiótico tem sido estudado também como uma alternativa para o 
não complicadas  causadas  por E.  coli. Porém  com  o  aumento  nas  taxas  de  resistência 
Fosfomicina  é  usada  como  antibiótico  de  primeira  escolha  no  tratamento  de  ITUs 

novos potenciais clones.
elementos  móveis  e  clones específicos  pode  ser útil  para  uma  identificação  cedo  de 
subclone H30-Rx ST131.  No  entanto,  a  detecção  e/ou  vigilância  de  particular 
presença de plasmídeos  e  outras  EGMs  parece  ser  importante  para  a  evolução  do 
apenas pela  presença de  elementos  genéticos  moveis  específicos.  Por  outro  lado,  a 
interação entre resistência e virulência em clones de alto risco não pode ser explicada 
associação  entre  plasmídeos, PAIs e  genes  de  virulência  foi  detectada.  Portanto,  a 
do tipo IncF e o perfil de resistência à antibióticos entre as cepas foi revelado, nenhuma 
H30-Rx/ST131 e ST69. Enquanto que uma associação entre a presença de plasmídeos 
tamente virulento. Nós também identificamos uma nova ilha genômica (GI) nos clones 
ST131 e ST73 apresentaram um perfil similar, sendo o ST73 considerado um clone al- 
Apesar  da  alta  diversidade  do  perfil de distribuição de PAIs entre  as  cepas,  os  clones 

de virulência específicos  em  todas  as amostras testadas.
disso,  nós   identificamos   ilhas   de  p atogenicidade   (PAIs)  associadas   com  genes   

incluindo   o blaCTX-M-15, identificado  s em   plasmídeos   e   no   cromossomo.  Além   
e  ST648 possuem  cassetes  de  resistência que   contém   diversos   genes,  
plasmídeos  to  tipo  IncF.  Curiosamente, cepas que pertencem aos clones H30-Rx/ST131 
plasmídeos    contendo   genes de   resistência   à   antibióticos,  majoritariamente   
o   perfil  M DR (ST131,  ST405  e   ST648),  apresentaram   o   maior   numero   de   
clones.  Nós não  nos  surpreendemos  com  o  fato  de  the  clones  já  associados  com   
cepas do ST131 e  comparamos  esses  resultados  com o resultado obtido para   outros  
o  perfil  de   virulência e   de   multirresistência à   antibióticos   (MDR),  presentes   in   
No  Capitulo  3,  nós  caracterizamos  os  elementos  genéticos  móveis  associados  com 
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competir com cepas comensais e consequentemente aumentar o risco para ITUs.
uma  vantagem adicional, aumentando a habilidade de colonizar  o intestino humano e 
antibióticos em nossas cepas já altamente resistentes e virulentas pode dar a essas cepas 
alimentos. A presença de plasmídeos que possuem bacteriocinas e genes de resistência à 
e bacteriocinas  são  frequentemente  identificados  em  uropatogenos  oriundos  de 
os  plasmídeos  que  apresentam  a  combinação  entre  genes  de  resistência  à  antibióticos 
as cepas resistentes que pertencem aos subclone H30-R ou H30-Rx. Interessantemente, 
nas, genes de virulência e de resistência à antibióticos, que não foram identificadas entre 
cepas ESBL-H22-ST131, tiveram plasmídeos similares com quatro genes de bacterioci- 
inibir o crescimento de outras cepas de E. coli. A cepa sensível à antibióticos H30 e as 
ambas cepas do ST131 e não ST131 e mostramos que essas cepas tem a habilidade de 
teriocinas e o perfil MDR das cepas. Nós identificamos a presença de bacteriocinas em 
nas  nossas  cepas  e tentamos revelar  uma  possível associação entre a  presença de bac- 
presentes no intestino.  No Capitulo 5,  nós  determinamos à presença  de  bacteriocinas 
ajudando as  bactérias  capazes  de produzi-las à  competir  com  outros  microrganismos 
partes  do  corpo.  Bacteriocinas tem um  papel  importante na colonização do  intestino, 
biente intestinal humano e ao mesmo tempo consigam desenvolver infecções em outras 
O perfil MDR e virulento da E. coli ST131 permite que essas bactérias persistam no am- 

requer melhores métodos de diagnóstico.
fosfomicina  (hetero)resistência  precisa  receber  mais  atenção  das  autoridade  de  saúde  e 
fosfomicina  no  tratamento  de  infecções  causadas  por  cepas  MDR.  Claramente, 
dos  nossos  clones  de  alto  risco.  O  que  é  particularmente  preocupante,  para  o uso  de 
anos. Nós também identificamos o perfil de heteroresistência à fosfomicina em  alguns 
para  que  as  taxas  de  heteroresistência  à  fosfomicina  permaneçam  baixas ao longo dos 
um alto custo para o fitness bacteriano, o que tem sido descrito como a principal causa 
cyaA) foram  identificadas.  Surpreendentemente,  nenhuma  dessas  mutações  parece  ter 
(glpT e uhpT) e os genes que regulam a expressão desses genes (ptsI, uhpA, uhpB, uhpC e 
mutações em ambos, genes que codificam as proteínas transportadoras  de fosfomicina 
gene murA, que codifica a proteína alvo da fosfomicina foi superexpresso. Além disso, 
fosfomicina  nas  nossas  cepas.  Em  50%  das  cepas  a  heteroresistentes  à  fosfomicina  o 
O  mais  provável  é  que  diferentes  mecanismos  moleculares  levam  a  heteroresistência  à 
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surgimento de novos clones de alto risco de E. coli.
vigilância  de  longo  prazo  para  impedir  a  disseminação  dessas  linhagens  e  monitorar  o 
diagnóstico desses clones de alto risco, mas também para implementar um programa de 
infecção.  Abordagens  moleculares  devem  ser  usadas  não  apenas  para  melhorar  o 
risco é importante para otimizar o tratamento do paciente e as medidas de controle de 
ulência e resistência antimicrobiana. A identificação de clones novos e existentes de alto 
entre  linhagens  específicas,  os  chamados  clones  de  alto  risco,  e  seus  perfis de  alta  vir- 
tibióticos e virulência, nossos estudos descritos nesta tese encontraram uma correlação 
Em resumo, enquanto até 2008 foi sugerida uma relação inversa entre resistência à an- 

formam biofilme e pertencem a ST131, ST405 ou ST648.
eram  ITUs  complicadas, causadas  por  bactérias  produtoras  de  MDR/ESBL  que 
capítulo,  mostramos que  cerca  de  30%  das  ITUs  nos  hospitais  do  Rio  de  Janeiro 
uma  vez  que estes  estão  frequentemente  associados  à  MDR.  Concluindo,  neste 
maior entre  os  pacientes  que  sofrem  de  ITUs  causadas  por  clones  de  alto  risco, 
isolados  não  de  MDR.  Consequentemente,  a  taxa  de  mortalidade  também  foi 
causadas por cepas MDR foi maior do que a de pacientes com  infecção  causada por 
neurológicas.  Além  disso,  a  taxa  de  mortalidade  de pacientes que sofrem de ITUs 
risco  e  pacientes  idosos  e  pacientes  com  comorbidades como  doenças 
alto  risco).  Identificamos  uma  correlação entre ITUs  causadas  por  clones  de  alto 
MDR  ou  produtoras  de  ESBL  e  pertencentes  a  ST131,  ST405  e  ST648  (clones  de 
HA-ITU ou ABU. Curiosamente, cerca de 30% das ITUs foram causadas por cepas de 
a  presença  de  genes  de  virulência  e resistência  em  isolados  que  causam  ITU  CA-  ou 
classificada como  complicada. Nós não encontramos  uma  diferença  significativa  entre 
gerais foram mais frequente-mente  detectadas  que  as  ABUs.  A  maioria  das  ITUs  foi 
verificou-se que a frequência de ITU por CA é maior que a das ITU por HA, e as ITUs 
devido  à  alta  frequência  de E. coli formadora de biofilme em nosso estudo. Além disso, 
risco  associados  às  ITUs  causadas  por  cepas  formadoras  de  biofilme,  provavelmente 
ITU causada por E. coli produtora de MDR e/ou ESBL. Não identificamos fatores de 
doenças neurológicas ou com idade superior a 60 anos tem um maior risco de ter uma 
resultados  mostraram  que  pacientes  que  sofrem  de  doenças  neoplásicas,  diabetes  ou 
(ABU)  e  determinamos  a  presença  de  genes  de  virulência  e  resistência.  Nossos 
causadoras  de ITUs  comunitárias(CA)  e  hospitalar  (HA)  e  bacteriúria  assintomática 
cepas produtoras de biofilme e/ou E. coli de alto risco. Também caracterizamos as cepas 
a  presença  de  fatores  de  risco  em  pacientes  com  ITUs  causada por MDR,  ESBL, 
infecção  e  a  susceptibilidade  do  hospedeiro.  Assim,  no  Capitulo  6  nós  investigamos 
pacientes  depende  de  ambos,  as  características  da  cepas  bacterianas  que  causam  a 
O risco de desenvolver uma ITU assim como as consequências dessas infecções para os 



Para isso, também é necessário considerar o papel dos EGMs na virulência e na 
resistência, pois eles são essenciais para a evolução e patogênese dos clones de alto 
risco recém-emergentes. Assim, a caracterização rotineira de EGMs pode ser 
fundamental na identificação de possíveis clones de alto risco. Além disso, os 
programas de administração de antibióticos devem ser introduzidos ou optimizados 
com relação ao uso da fosfomicina, atualmente vista como o medicamento de 
primeira linha no tratamento de ITUs e, até o momento, uma excelente alternativa 
para o tratamento de infecções causadas por bactérias MDR. As taxas de 
heteroresistência aumentadas observadas neste estudo podem ser uma etapa 
intermediária da bactéria antes da obtenção de resistência completa ou uma maneira 
de sobreviver sem a aquisição de mecanismos resistentes permanentes. Ambos têm 
um impacto direto na eficácia do antibiótico. Além disso, o crescente interesse em 
usar bacteriocinas para o tratamento de infecções bacterianas exige estudos mais 
abrangentes para aprimorar o pouco conhecimento sobre interações microbianas. 
Finalmente, descobrimos que a maioria das ITUs nos hospitais investigados eram 
associadas à comunidade e causadas por bactérias com altas taxas de resistência. Esse 
resultado indica que o gerenciamento do uso de antibióticos no Rio de Janeiro precisa 
ser aprimorado, e que a melhoria dos procedimentos de diagnóstico, juntamente com 
uma prescrição e uso de antibióticos mais cautelosos, são necessárias para controlar a 
propagação de infecções causadas por bactérias MDR em hospitais brasileiros.
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